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Abstract 
 
The control of harmful non-metallic inclusions that form during the steelmaking process remains a huge 
challenge to steelmakers as the demands for cleaner and high-quality steels increases. According to the timing of their 
formation, these inclusions can be classified as either primary or secondary. Primary inclusions are generated while the 
steel is in a completely molten state as a result of the deoxidation process. Whereas, secondary inclusions are generated 
during the cooling of steel as a result of solute segregation during solidification. Primary inclusions, in principle, can be 
removed by floatation while secondary inclusions, on the other hand, are almost impossible to eliminate. Therefore, 
secondary inclusions can only be engineered in terms of their morphology and composition so as to minimize their 
detrimental effects to the final steel product. 
In this study, a specially designed heating pattern was employed in order to understand the influence of solute 
segregation during cooling on the morphology and composition of secondary inclusions. Initially, alloy samples were 
heated to 1550°C for two hours to achieve equilibrium and allow for the formation of primary inclusions. From there, 
the temperature was lowered to the solid-liquid coexistence temperature where it was held for another hour to allow 
for the formation of secondary inclusions. Finally, samples were quenched to allow for observation of inclusions that 
formed at elevated temperatures. This heating pattern was designed, in particular, to allow for the observation of both 
primary and secondary inclusions. 
The solid-coexistence temperatures were calculated using Thermo-Calc and verified using existing equations 
for the liquidus and solidus temperatures of steel. Alloy composition was measured using ICP-AES and LECO technique 
while inclusion morphology and composition were determined using SEM-EDS. Solute segregation behavior was 
predicted using microsegregation models such as the Lever Rule, the Scheil model, the Brody-Flemings model and the 
Clyne-Kurz treatment. The designed heating pattern, however, approaches near-equilibrium conditions at the solid-
liquid coexistence temperature suggesting that the Lever Rule is a more appropriate model.  
Coexistence of the solidified metal and the molten alloy was confirmed using metallographic examination and 
EPMA analysis. An etched sample observed through an optical microscope verified the presence of an initially solidified 
phase while elemental mapping confirmed sulfur enrichment in the last to solidify liquid region. 
Chapter 2 describes secondary inclusion behavior in Si-Mn deoxidized steels at the solid-liquid coexistence 
temperature. Compared to other deoxidation methods, Si-Mn complex deoxidation is relatively cheaper and yields 
lower residual oxygen in steel due to the reduced SiO2 activity by the addition of manganese. At 1550°C, It was found 
that spherical MnO-SiO2 inclusions formed as a result of the deoxidation process and that upon lowering the 
temperature to the solid-liquid coexistence temperature, new SiO2 inclusions precipitated homogeneously due to the 
enrichment of silicon and oxygen in the liquid phase and the larger increase in SiO2 activity compared to MnO. Finally, 
while holding at the solid-liquid coexistence temperature, MnO-SiO2 and SiO2 inclusions coalesced due to the natural 
convection in the molten zone.  
Chapter 3 extends the discussion to not only oxide but also sulfide inclusions in Si-Mn deoxidized steels in the 
presence of sulfur. Although sulfur is commonly regarded as an impurity, sulfide inclusions precipitated on an oxide 
seed were found to promote the mechanical properties of steel by the formation of a fine, needle-like acicular ferrite 
microstructure. It was understood that in samples with less than 0.011 mass % sulfur, new SiO2 inclusions form at the 
solid-coexistence temperature due to the same mechanism as in the previous chapter. In samples with more than 0.022 
mass % sulfur, on the other hand, aside from new SiO2 inclusions, MnS also precipitated heterogeneously on the 
boundary of the inclusion and of the molten steel matrix. Microsegregation modelling and calculation of the change in 
the sulfide capacity of the MnO-SiO2 inclusion verified that MnS precipitation was a result of manganese and sulfur 
enrichment.  
Chapter 4 considers further the behavior if Si-Mn-Ti deoxidation products at the solid-liquid coexistence 
temperature. Titanium, compared to silicon and manganese, is a stronger deoxidizing agent and is also used to improve 
toughness and ductility of steel. The results at 1550°C confirms the precipitation of MnS-TiS sulfide inclusion while the 
results at the solid-liquid coexistence temperature indicate the formation of an Ti-based oxide layer that floated to the 
top of the alloy sample while some MnO-SiO2-TiOx based inclusion with an MnS-TiS precipitate remained throughout 
the alloy. Although thermodynamic data related to Ti-deoxidation was found insufficient, the formation of an MnS-TiS 
sulfide was explained as a result of the reduced MnS activity by the addition of titanium. 
In conclusion, in this study, the changes in morphology and composition of Si-Mn deoxidation products, 
particularly secondary inclusions, was clarified using experimental data and thermodynamic considerations. The 
findings of this study may prove to be applicable to actual steelmaking practices that involve the production of large 
steel ingots that take days before solidification is completed. 
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1.1. The Challenge: Inclusion Control in Steels 
Steel has already become an indispensable part of the society. It is commonly used 
in creating roads, railways, bridges, appliances and infrastructures. Over-all, applications of 
steels can be divided into five sectors – construction, transport, energy, packaging and 
appliances industry – all of which are crucial to human survival. This is largely due to steel’s 
excellent mechanical properties, good heat and chemical resistance, relatively low 
production coast, recyclability and over-all versatility. In fact, the steel industry has been 
widely considered as a backbone of developed economies due to its critical role in 
infrastructural and economic development.  
As illustrated in Fig. 1.1, global crude steel production increased incessantly since 
the 1950s with US and Japan as the major producers. A minor arrest in growth occurred 
between 1980 and 1990 due to excessive production capacities in comparison to steel 
utilization rates as a result of overly optimistic demand forecasts made in the 1970s.1) From 
this, steelmaking industry experienced another sharp increase in growth from the late 
1990s due to the rapid growth of the Chinese economy. Finally, in 1996, Chinese steel 
output surpassed the 100-MMT mark as the country became the world’s largest steel 
producer.2) Meanwhile, global steel demand is expected to continue to grow and remain 
resilient despite uncertain economic environments, driven primarily by the developing and 
emerging economies.3)  
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Figure 1.1. Total world crude steel production from 1950 to 2017.3)  
 
Over time, the demand for highly functional steel products free of surface and 
internal defects has increased, resulting to the demand of products with quality levels that 
has become harder and harder to attain. The control of non-metallic inclusions, in 
particular, remains a huge challenge to steelmakers. Usually generated during the 
deoxidation and the solidification processes, nonmetallic inclusions are widely considered 
detrimental to steel properties such as ductility, strength and corrosion resistance.4-6) 
Recently, the paradigm towards inclusion formation shifted when Takamura and 
Mizoguchi introduced the concept of Oxide Metallurgy, emphasizing on modifying 
inclusions and utilizing them to optimize steel properties. 7) One example of these includes 
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using oxide inclusions as heterogeneous nucleation sites of a fine-grained acicular ferrite 
microstructure during solidification. Acicular ferrite nucleates heterogeneously on non-
metallic inclusions during the transformation from austenite to ferrite resulting in a 
random assembly of crystallographically disoriented laths. This creates the typical fine-
grained and interlocking structure of acicular ferrite, making it difficult for cracks to 
propagate in the alloy. Hence, an increase in strength and toughness can be expected.8-14)  
 
 
Figure 1.2. The concept of inclusion engineering.  
 
Combined with the industrial practice of Clean Steel Production, which, on the 
other hand focuses on minimizing the number of inclusions to nullify their harmful effects 
on steel, these two methods have been collectively known as Inclusion Engineering.15) As 
illustrated in Fig. 1.2, key objectives include modifying detrimental inclusions into harmless 
ones and producing inclusions according to the desired size, shape, composition and 
density. To successfully accomplish either of these entails a thorough understanding of the 
origin, morphology and composition of inclusions in all the stages of steelmaking from ladle 
treatment and casting to the final stages of rolling.  
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1.2. Classification of Inclusions 
In order achieve proper engineering of inclusions, inclusions should be tailored 
depending on their desirability in steels. Traditionally, inclusions were classified as either 
indigenous or exogenous depending on their origin. Exogenous inclusions enter into the 
melt from different external sources as a result of contamination during the melting and 
pouring processes. Indigenous inclusions, on the other hand, are formed by a series of 
chemical reactions that occur in molten metal during ladle treatment or generated as a 
result of solubility limitations during solidification.16) In this study, given the highly 
controlled experimental conditions and very low possibility of external contamination, all 
inclusions found in the alloy will be considered to be of indigenous nature.  
 
1.2.1. Based on Composition  
Non-metallic inclusions are commonly classified according to composition as either 
simple or complex. Simple inclusions are largely homogenous in terms of composition while 
complex inclusions are comprised of two or more inclusion phases, such as oxysulfide 
inclusions. Typical inclusion morphologies are illustrated in Fig. 1.3.17,18) 
 
 
Figure 1.3. Classification of inclusions based on composition.17,18)  
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Simple inclusions can be largely divided according to their chemical composition 
into oxides (MnO, SiO2, Al2O3, TiO2, etc.), sulfides (FeS, MnS, CaS, Zr2S3, etc.) and nitrides 
(ZrN, TiN, AlN, CeN, etc.). Oxide inclusions are commonly formed as a direct consequence 
of the deoxidation process whereas sulfide inclusions are only formed by elements with 
low solubility in iron and high affinity for sulfur. The mechanism of complex inclusion 
formation, on the other hand, is still uncertain and is still widely debated by researchers. 
 
1.2.2. Based on the Timing of Formation 
Depending on their thermal origin and the timing of their formation, inclusions can 
be further categorized as either primary or secondary as summarized in Fig. 1.4. Primary 
inclusions are formed as a result of various chemical reactions occurring at the steelmaking 
temperature. These inclusions are usually generated under isothermal conditions during 
the deoxidation process. Secondary inclusions, on the other hand, are generated at a later 
time during solidification and cooling of molten steel.16)  
 
 
Figure 1.4. Classification of inclusions based on the timing of formation. 
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Primary inclusions, in principle, can be removed from the liquid steel by flotation as 
they are generated while the steel is still in a completely molten state. Secondary inclusions, 
however, are almost impossible to remove and can only be engineered to minimize their 
detrimental effects on the final steel product.5) It is also a common phenomenon for 
secondary inclusions to nucleate on existing primary inclusions and for the primary 
inclusions to continuously transform during solidification.  
 
1.2.3. Desirability of Inclusions 
Due to the extensive variety of inclusions, the following discussion is provided in 
order to provide a simple overview of the desirability of inclusions based on their 
morphology and composition. As it was mentioned in the earlier part of this Chapter, one 
of the main objectives of inclusion engineering is to tailor inclusions in steel in order to 
complement the requirements based on its future application.  
As illustrated in Fig. 1.5, in terms of morphology, platelet-shaped inclusions are the 
most detrimental to steel. Steels deoxidized by aluminum, for example, contain sulfides in 
the form of thin films that nucleate along the grain boundaries that significantly weaken 
and exert adverse effects on the mechanical properties of steel. Globular-shaped inclusions, 
on the other hand, are some of the most desirable morphologies due to their very little 
effect on steel properties. The spherical shape of these inclusions is usually a result of their 
formation while in liquid state, forming during solidification in the spaces between the 
solidifying dendrites.19)  
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Figure 1.5. Simplified illustration of the desirability of inclusions in steels based on 
morphology and composition. 
 
The behavior of inclusions during hot and cold working of steels is also one of the 
important perspectives in terms of the desirability of inclusions. Depending on the working 
temperature and inclusion composition, inclusion deformation behavior will vary, and they 
may either deform, crack or remain firm. Hard inclusions such as Al2O3 and Ca-aluminates, 
being brittle and undeformable at all temperatures, are the most detrimental to steel 
especially those subjected to cold working during the later stages of manufacturing. MnS, 
on the other hand, with their increasing deformability even at low temperatures, are some 
of the most desirable.20)  
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1.3. Inclusion Formation in Si-Mn Deoxidized Steel 
1.3.1. Primary Inclusion Formation by Si-Mn Deoxidation 
Most, if not all, of the primary inclusions in steel are generated during the 
deoxidation process wherein the dissolved oxygen in molten steel is precipitated as oxides 
through the addition of elements with high oxygen affinity such as silicon and manganese. 
In Si-Mn complex deoxidation, the products are mainly MnO and SiO2 according to the 
following deoxidation reaction: 
 
["#] + 2(()*) = 2[()] + ("#*-)    (1.1) 
 
Compared to other deoxidation methods, Si-Mn complex deoxidation yields lower 
residual oxygen in steel due to the reduced activity of silicon dioxide by the addition of 
manganese. It also avoids the formation of harmful Al2O3 that forms during aluminum 
deoxidation. Ferrosilicon and ferromanganese used in Si-Mn deoxidation are also relatively 
cheap and are more readily available than other deoxidizing agents.21)  
Several studies on the thermodynamics of Si-Mn deoxidation and inclusion 
formation have been reported.18,22-28) The deoxidation product is basically MnO-SiO2 with 
a little FeO, but for the sake of simplicity it can be considered as pure MnO-SiO2. It has also 
been reported that the composition of the deoxidation product is regulated by the silicon 
to manganese ratio in the alloy and the temperature, as indicated in Figs. 1.6 and 1.7.21) 
For instance, if only MnO-SiO2 is desired, manganese and silicon additions should be 
adjusted so that at 1650°C, concentrations are below those corresponding to the 1500°C 
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isotherm. Fig. 1.6 also further illustrates the effectiveness of manganese in boosting the 
deoxidizing power of silicon.  
 From the viewpoint of reducing the detrimental effects of inclusions in steel, it is 
desirable for these inclusions to be soft and have a low melting point. Kang et al. found that 
the MnO/SiO2 ratio and Al2O3 content are key points in controlling the liquidus temperature 
and primary phase of the inclusion.22)  
In general, the process of inclusion formation during the deoxidation process is 
relatively well understood from a thermodynamic point of view. The control of primary 
inclusions is also relatively easy since the generated inclusions can be in principle separated 
by flotation.  
 
 
Figure 1.6. Equilibrium data on simultaneous deoxidation of steel by silicon and 
manganese at 1600°C.21) 
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Figure 1.7. Critical silicon and manganese contents of steel in equilibrium with Si-
saturated deoxidation product and almost pure MnO-SiO2.21) 
 
1.3.2. Secondary Inclusion Formation during Solidification 
Secondary inclusions, on the other hand, are usually generated during the 
solidification process and will most likely remain in the solidified steel. These inclusions are 
relatively finer but also play a significant role in determining the quality of the final steel 
product. Hence, it is therefore necessary to study secondary inclusion formation during the 
solidification process. 
During solidification, liquid to solid transformation occurs primarily through the 
growth of dendrites. Due to the differences of solubilities in the molten steel and the 
solidified phases, partitioning of the solutes can occur as they are rejected by the solidifying 
front. The solutes will redistribute at the solid-liquid interface leading to solute saturation 
in the liquid phase. This phenomenon is termed as microsegregation. Under these 
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conditions, nucleation of secondary inclusions is promoted due to the favorable 
enrichment of solutes in the liquid phase. The factors governing microsegregation in steels 
and the analytical models available to study microsegregation will be discussed in detail in 
the next section. 
Several experimental studies have also been conducted in order to investigate the 
secondary inclusion formation during solidification.29-33) In the study by Zhuo et al., 
secondary MnS precipitation around an oxide phase was observed in furnace-cooled Mn-
Si-Ti deoxidized steel.29) The optimum composition at which the secondary MnS can readily 
precipitate in Si-Mn deoxidized steel was also determined by Kim et al. using a 
thermodynamic computational technique and verified by experimental data.33) MnS 
precipitation on a primary oxide phase was also found to improve by isothermal holding at 
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1.4. Microsegregation in Steels 
Microsegregation is an important aspect when dealing with inclusion formation 
during solidification. Enriched concentrations of elements in the residual liquid can lead to 
the growth of pre-existing primary inclusions or the nucleation of new ones. 
 
1.4.1. Concepts on Microsegregation 
A simplified diagram on the progress of solidification by dendrite growth and 
microsegregation is illustrated in Fig. 1.8. The extent of microsegregation of an element 
depends mainly on the following factors:15)  
 
o Solute Partitioning – Enrichment of solutes at the solid-liquid interface can be 
described by the Equilibrium Partition Coefficient (.) using the following equation: 
 
. = 	 0102      (1.2) 
 
where 34 is the solute concentration in the solid and 35 is the solute concentration 
in the liquid. When . < 1, elements are enriched in the residual liquid and this is 
known as positive segregation.  When . > 1, solute elements diffuse from liquid to 
solid and this is called as negative segregation. 
 
o Dendritic Structure – Solute enrichment at the solidification interface leads to a 
localized decrease in the liquidus temperature, promoting the formation of solid 
dendrites. In the direction perpendicular to these primary dendrites, further solute 
Chapter 1 | General Introduction 13 
enrichment and constitutional undercooling will result to the formation of 
secondary dendrite arms, as characteristically shown in Fig. 1.8. The effect of this 
solidification structure to microsegregation is objectively described using the 
Secondary Dendrite Arm Spacing (9).  
 
 
Figure 1.8. Schematic illustration of dendrite growth and solute enrichment at the solid-
liquid interface during solidification of steel. 
 
o Solute Back Diffusion – According to Fick’s Second Law of Diffusion, solute 
enrichment at the solid-liquid interface creates a concentration gradient that drives 
the diffusion of solutes. The solute diffusion ability is generally estimated by a 
temperature-dependent parameter called the Diffusion Coefficient (:), using the 




?@     (1.3) 
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where : is the diffusion coefficient, A is the activation energy, :; is the maximum 
diffusion coefficient, B is the gas constant (8.314 J mol-1 K-1) and C is the absolute 
temperature. 
 
o Cooling Rate – The rate of cooling can significantly affect the extent of solute 
enrichment.  For example, a slower cooling rate involves longer secondary dendrite 
arm spacing, hence the diffusion length becomes longer and the extend of back 
diffusion decreases. This contributes to a more pronounced enrichment of the 
solutes.  
 
1.4.2. Analytical Models on Microsegregation 
 Mathematical models have great potential in analyzing solute enrichment during 
the solidification process. Four of the widely used analytical models will be introduced in 
this section, as summarized in Fig. 1.9.15,34) Although some of the more advanced complex 
numerical simulations can also be used to model inclusion formation, these models are 
already beyond the scope of the current study. 
 
o Lever Rule – In this model, the entire system is assumed to be in complete 
equilibrium where complete diffusion in both the solid and liquid is assumed. This 
means that the concentration of solutes does not change with distance away from 
the solid-liquid interface. In real situations, equilibrium solidification cannot be 
achieved, and the results obtained by Lever Rule is hence underestimated. 
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o Scheil Model – In contrast to Lever Rule, a more practical model on 
microsegregation proposed by Scheil assumes no diffusion in the solid and enough 
mixing in the liquid. This model is therefore more appropriate for solutes with low 
diffusivity in the solid. However, one of the limits of the Scheil model emerges when 
the solid fraction approaches one as solute concentration in the liquid becomes 
infinite.  
 
o Brody-Flemings Model – This microsegregation model also assumes complete 
mixing in the liquid phase but a small degree of diffusion in the solid is considered. 
In the derived equation, D is a solidification parameter. When D is equal to 0 and 
0.5, the Brody-Flemings model approached Scheil model and Lever Rule, 
respectively. 
 
o Clyne-Kurz Treatment – A difficulty occurs in the Brody-Flemings model when 
solute diffusion in the solid phase becomes prominent and assumes a large value. 
In order to improve on this, they proposed to replace D with Eq. (1.9). With this 
treatment, when D is equal to 0 and infinity, the model approached Scheil model 
and Lever Rule appropriately. 
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Figure 1.9. Summary of the analytical models on microsegregation utilized in this study.
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1.5. Solute Segregation at the Solid-Liquid Coexistence Temperature 
In relation to microsegregation of solutes during solidification, a previous study by 
Fujisawa et al. investigated the equilibrium distribution of silicon and oxygen at the solid-
liquid coexistence temperature.35) Using a zone melting apparatus, he was able to 
accomplish zone melting of a 7.7 mm diameter Fe-Si-O alloy at different traveling rates and 
determine the distribution of silicon and oxygen in the molten zone and solidified metal. 
Experimental results from his study are shown in Fig. 1.10 showing solute 
distribution throughout the length of the alloy and Fig. 1.11 showing the compositions of 
the molten zone and solidified metal at different solidification rates. His findings verify the 
occurrence of solute partitioning during solidification since silicon and oxygen 
concentrations were found to be much higher in the molten zone compared to that in the 
solid phase.  
 
 
Figure 1.10. Typical solute distribution in Fe-Si-O specimen after zone melting from 
Fujisawa et al. (1981).35) 
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Figure 1.11. Composition of molten zone and solidified metal in Fe-Si-O specimens from 
Fujisawa et al. (1981).35) 
 
Microscopic examination of his samples also showed a few silicate inclusions 
entrapped in the alloy, denoting nucleation of secondary silica inclusions. In addition, the 
final silicon and oxygen compositions in the liquid and solid phases were found to be 
independent of the traveling rates at which the zone melting technique was conducted. 
These results further imply that other solute elements in steels can also be enriched at the 
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1.6. Scope of the Study: Equilibrium Systems with Iron 
This study focuses mainly on Si-Mn deoxidized steels at the solid-liquid coexistence 
temperature. As suggested by the microsegregation models and the previous findings of 
Fujisawa et al., solute elements can segregate into the liquid phase during solidification 
and this can lead to the nucleation of the secondary inclusions.35) Fig. 1.12 shows the phase 
equilibrium diagrams of Fe with Mn, Si, O, and S.36) The yellow shaded area indicates the 
two-phase regions found in each of these binary systems. Upon cooling, the compositions 
of the solid and liquid phase will follow that of the solidus and liquidus lines, respectively.  
Oxygen and sulfur, in particular, are largely segregated during solidification due to 
their very low solubilities in the solid phase. The author understands that these extreme 
conditions wherein the two-phase region simultaneously exists may only occur for a short 
instance in actual industrial practice. Regardless, a thermodynamic investigation of 
secondary inclusion behavior at this critical temperature range is necessary to achieve 
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Figure 1.12. (a) Fe-Mn, (b) Fe-Si, (c) Fe-O and (d) Fe-S binary phase diagrams by Kubaschewski (1993).36)
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1.7. Objectives of the Study 
As it has been elaborated in this Chapter, in order to achieve proper engineering of 
inclusions, an understanding of the origin and behavior of secondary inclusions is necessary. 
One of the ways to accomplish this is by investigating secondary inclusion formation during 
solidification since it is known that the primary driving force for the formation of secondary 
inclusions is the microsegregation of solutes that occurs during this process. 
The primary objective of this study is to investigate inclusion behavior, specifically 
secondary inclusion behavior, at the solid-liquid coexistence temperature during 
solidification of Si-Mn deoxidized steels. Specifically, it aims to examine the changes in 
inclusion morphology and composition and to propose a mechanism explaining inclusion 
formation behavior at this temperature. 
The term “solid-liquid coexistence temperature”, indicated by !", is defined as a 
temperature between the liquidus and solidus boundaries of the alloy, wherein the 
solidified alloy and the molten metal coexist at approximately 50:50 mass ratio. This value 
will be empirically determined using available thermodynamic calculation software and 
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1.8. The Heating Pattern 
To understand the influence of solute segregation on secondary inclusion behavior 
at the solid-liquid coexistence temperature, alloy samples in this study were heated using 
a specially designed heating pattern as schematically described in Fig. 1.13.  
 
 
Figure 1.13. The heating pattern used in this study. 
 
First, the alloy was heated to a completely molten state at 1550°C to achieve 
equilibrium and allow for the formation of primary inclusions.  Then, the temperature was 
gradually lowered to the solid-liquid coexistence temperature at a cooling rate of about 
1°C/min. The sample, which is now approximately composed of 50% molten steel and 50% 
solidified steel, was then held for another hour to allow for solute segregation and 
nucleation of secondary inclusions to occur. From this, the alloy was quickly taken out of 
the furnace and quenched using He or Ar gas to ensure that the inclusions are retained in 
the specimen. 
 In order to ensure reliability of the thermal measurements, actual temperature 
inside the furnace was measured using a Pt-Rh thermocouple. It was found that about a 4-
cm uniform heating zone exists just above the sample stage. Also, it was found that the 
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target temperature was achieved well within the acceptable range during the actual 
heating experiments.  
 
 
Figure 1.14. Observable inclusions based on the heating pattern. 
 
The heating pattern used in this study was, in particular, designed to allow for the 
observation of both primary and secondary inclusions whereas, previous studies usually 
employ two different heating methods to study these inclusions as shown in Fig. 1.14. 
Rapidly cooled water-quenched samples are used to study primary inclusions whereas 
slowly cooled furnace-quenched samples are used to study secondary inclusions. In this 
study, by holding at the solid-liquid coexistence temperature after heating at 1550°C, we 
are able to properly distinguish and investigate both the primary and secondary inclusions 
at the same time. 
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1.9. Coexistence of the Solid and Liquid Phases 
The coexistence of the solidified phase and the molten steel was confirmed by 
virtue of metallographic examination using a Fe-1.1Mn-0.10Si-0.05O-0.031S (initial 
mass %) alloy sample. First, the sample was cut longitudinally, mounted using a carbon filler 
resin, ground using SiC paper, polished using a diamond suspension, and then etched using 
a 2% nital solution for about 1 minute.  
 
 
Figure 1.15. Solidification microstructure of a Fe-1.1Mn-0.10Si-0.05O-0.031S (initial 
mass %) alloy using 2% nital solution. 
 
The resulting structure was observed using an optical microscope. As shown in Fig. 
1.15, the phase that initially solidified, as indicated by the lighter-colored phase, and the 
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Solute enrichment in the liquid phase was also verified using an Electron Probe 
Micro Analyzer at 100x magnification, 15 kV voltage and a beam current of 10 nA as shown 
in Fig. 1.16. Elemental mapping of the alloy showed enrichment of sulfur in the last to 
solidify region and along what seemed to be the grain boundary of the alloy. It is quite 
unclear, however, whether the liquid area was this small or whether it was just a result of 
the further solidification after holding at the solid-liquid coexistence temperature.  
 
 
Figure 1.16. Sulfur distribution of a Fe-1.1Mn-0.10Si-0.05O-0.025S (initial mass %) alloy 
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1.10. Dissertation Structure 
 The structure of this thesis is as follows: 
 
o Chapter 1 provides a general background of this study, details the problems related to 
inclusion formation in steels, describes the most common methods used to study 
microsegregation of solute elements in steels, emphasizes on the heating pattern 
employed in this study, discusses a brief literature review, and enlists the objectives of 
this work. 
 
o Chapter 2 discusses the behavior and mechanism of complex inclusion formation in Si-
Mn deoxidized steels at the solid-liquid coexistence temperature. It describes the 
influence of silicon and manganese concentrations on secondary inclusion formation, 
proposes a mechanism to explain these observed changes and provides a discussion 
from a thermodynamic perspective using quaternary phase diagrams and 
microsegregation models. 
 
o Chapter 3 extends the discussion to both oxide and sulfide inclusions in Si-Mn 
deoxidized steels in the presence of sulfur at the solid-liquid coexistence temperature. 
Although commonly regarded as detrimental to steel, this chapter emphasizes on the 
advantages of sulfide inclusion formation. It further elaborates on the influence of sulfur 
content on the formation of secondary oxide and sulfide inclusions and uses ternary 
MnO-SiO2-MnS phase diagrams and microsegregation models to support the 
experimentally observed behaviors. 
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o Chapter 4 explores the behavior of Si-Mn-Ti deoxidation products at the solid-liquid 
coexistence temperature. It confirms previous findings that the presence of titanium 
promotes the precipitation of sulfide inclusions even at 1550°C and describes the 
formation of an oxide layer at the solid-liquid coexistence temperature. Although 
thermodynamic data related to Ti-deoxidation is insufficient, the behavior of Si-Mn-Ti 
deoxidation products are explained from a thermodynamic point of view using a stacked 
MnO-TiOx-SiO2 and MnS-TiSx-SiS2 phase diagram.  
 
o Chapter 5 summarizes and concludes the findings and discussions made in this study 
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Complex Inclusion Formation in Fe-Mn-Si-O Alloy System 
 
2.1. Background 
 One of the recent approaches to solve the problem on inclusion formation involves 
modifying the inclusions to optimize steel properties or reducing the number of inclusions 
to nullify their adverse effects on steel.1) To accomplish either of these entails a thorough 
understanding of the origin, phases, morphology and composition of inclusions in all the 
stages of steelmaking from ladle treatment and casting to the final stages of rolling.  
Depending on their thermal origin, inclusions can be classified as either primary or 
secondary. Primary inclusions are formed under isothermal conditions during the 
deoxidation process and can essentially be removed from the molten steel. Secondary 
inclusions, on the other hand, are generated during solidification making them impossible 
to remove.2) The composition of the final deoxidation product is largely influenced by the 
prevailing temperature and the composition of the alloy.3)  
Silicon and manganese are two of the most common additives to steel. Aside from 
their deoxidizing ability, small concentrations of silicon and manganese can also increase 
the strength and hardness of steel. As listed in Table 2.1, their concentration can vary 
largely, subject to the application. At this point, although the thermodynamics of inclusion 
formation by Si-Mn deoxidation at the steelmaking temperature has already been 
established, steelmakers still find it arduous to predict the composition and morphology of 
inclusions that remain in steel after solidification.4-11) This can be attributed mainly to the 
microsegregation of the solute elements in steel that leads to the nucleation of new 
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inclusions. Factors such as the changes in the size, shape and chemical nature of inclusions 
at the solid-liquid coexistence temperature, play an important role in the control of 
inclusions.  
 
Table 2.1. Influence of silicon and manganese on steel properties. 
 
 
In this chapter, the authors are particularly interested in the behavior of inclusions 
at the solid-liquid coexistence temperature (!"). During solidification, a segregation profile 
develops within the microstructure of steel due to solute rejection by the solidifying 
dendrites. A previous study by Fujisawa et al. experimentally found that silicon and oxygen 
concentrations were higher in the liquid phase for samples heated to the solid-liquid 
coexistence temperature.12) Mathematical models of microsegregation and inclusion 
precipitation also showed that precipitation of inclusions in silicon steel occurs 
simultaneously as a result of the solute enrichment.13) It was also found that in semi-killed 
steels, inclusions close to SiO2 saturation may form as a result of microsegregation during 
the later stages of solidification.14) 
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Given the prevailing scenario, the purpose of the current chapter is to examine 
complex oxide inclusion behavior in Si-Mn deoxidized steel at the solid-liquid coexistence 
temperature. Specifically, it aims to determine the influence of in terms of silicon to 
manganese ratio on inclusion morphology and composition and to propose a mechanism 



















Chapter 2 | Complex Inclusion Formation in Fe-Mn-Si-O Alloy System 
 
34 
2.2. Experimental Method 
 In order to observe the behavior of inclusions in Si-Mn deoxidized steel at the solid-
liquid coexistence temperature, alloy samples with varying silicon and manganese 
concentrations were prepared in a vertical resistance furnace as follows:  
 
2.2.1. Alloy Preparation 
 Using a direct method of forming inclusions in liquid steel, about 25 g of Fe-
Mn-Si-O alloy was prepared in an Al2O3 crucible as described schematically in Fig. 2.1. 
Electrolytic iron with reagent grade metallic manganese flake, silicon lump and Fe2O3 
powder were weighed and mixed at the target compositions. The samples were then 
placed within the uniform heating zone inside the vertical resistance furnace and heated 
using the designed heating pattern used in this study.  
First, the samples were heated to 1550°C to achieve equilibrium and allow for the 
formation of primary inclusions. Then, the temperature of the furnace was lowered to the 
solid-liquid coexistence temperature and then held for 1 hour to allow for the precipitation 
of secondary inclusions.  
The heating experiments were all conducted under 400 cm3 min-1 of purified argon 
gas atmosphere that was passed through a gas drying unit. Finally, the samples were 
quickly taken out of the furnace and quenched using He gas. The actual sample 
temperature was monitored using a Pt-Rh thermocouple positioned just below the stage 
inside the furnace.  
 




Figure 2.1. Schematic diagram of the vertical resistance furnace used for the heating 
experiments. 
 
2.2.2. Determination of the Solid-Liquid Coexistence Temperature   
 Solid-liquid coexistence temperature (!")  at different manganese and silicon 
compositions were derived using the single point equilibrium module of Thermo-Calc 
Software. For example, Fig. 2.2. shows the results of one of these computations for an Fe-
1.0Mn-0.10Si-0.05O (initial mass %) alloy. Although quite narrow, the liquidus and solidus 
temperatures for this system were determined to be at about 1532°C and 1530°C, 
respectively. The values obtained using Thermo-Calc were also verified using the following 
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equations previously derived by Fujisawa et al. and Gryc et al. for the Fe-Mn-Si ternary 
system:15,16)  
 
!%&'(℃) = 	1538 − 4.73[4566	%	89] − 	11.4[4566	%	;<]   (2.1) 
!"=%(℃) = 	1538 − 6.8[4566	%	89] − 	12.3[4566	%	;<]    (2.2) 
 
where [4566	%89]  and [4566	%	;<]  are the manganese and silicon compositions, 
respectively. Strictly speaking, the present system is an Fe-Mn-Si-O quaternary system. 
However, the oxygen content in the molten phase is considerably low. Hence, the effect of 
oxygen can be neglected from the estimations. Calculated solid-liquid coexistence 
temperature values were found to be in good agreement with each other and are 
summarized in Figure 2.3. 
 
2.2.3. Characterization of Metal Phase 
 Metal phase composition after heating was determined by ICP-AES (Inductively 
Coupled Plasma – Atomic Emission Spectroscopy, Shimadzu ICPS-8100). About 1.0 g of the 
alloy was dissolved in 10 ml of aqua regia solution prepared by mixing 3 parts of 
concentrated HCl to 1 part concentrated HNO3. After confirming through visual inspection 
that the alloy has been completely dissolved, the resulting solutions were filtered, diluted 
with distilled water and then analyzed for silicon and manganese contents.  
 






Figure 2.2. Calculated Fe-1.0Mn-0.10Si-0.05O (initial mass %) single point equilibrium using Thermo-Calc. (Olivine: Mn2SiO4, Rhodonite: 
MnSiO3) 
 







Figure 2.3. Calculated liquidus, solidus and solid-liquid coexistence temperature values using Thermo-Calc and equations previously derived 
by Fujisawa et al. (1981) and Gryc et al. (2013). 15,16) 
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The oxygen content of the alloy was determined by an inert gas fusion technique 
(LECO-ONH836 Element Analyzer). For the analysis, 0.5 to 1.0 gram alloy samples were cut 
and polished using SiC paper with water up to #600 grit and cleaned using an ultrasonic 
bath in an anhydrous ethanol solution between every polishing step to remove surface 
contamination. Measured metal phase composition of the Si-Mn deoxidized alloys at the 
solid-liquid coexistence temperature are summarized in Table 2.2. 
 
Table 2.2. Metal phase composition. 
 
 
2.2.3. Determination of Inclusion Morphology and Composition 
 The determination of inclusion morphology and composition was performed using 
SEM-EDS (Scanning Electron Microscopy, JEOL JSM-6510 with Energy Dispersive X-ray 
Spectroscopy, Oxford INCA Energy 250XT) analysis.  
The prepared Si-Mn deoxidized steel samples were cut longitudinally along the 
center using a fine cutter and hot-mounted using a carbon filler resin. It was then wet 
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polished using an automatic polisher with a series of SiC paper from #80 grit up to #1500 
grit. Inclusion size and morphology was determined using the built-in image analysis tool 
in the SEM software while the composition of the inclusions was measured using EDS 
combined with an image analysis technique to ensure the quality and accuracy 
measurements.5)  
For each sample, a minimum of 30 inclusions were examined using an acceleration 
voltage (AV) of 20 kV, a working distance (WD) of 15 mm and a spot size (SS) of 60 nm. To 
obtain the average composition of the inclusion, a point analysis of at least 5 spots per 
inclusion was conducted.  
Finally, iron and oxygen were excluded from the quantitative results to eliminate 
the influence of stray signals from the pre-dominantly ferrous matrix and to avoid the 
inaccuracies associated with oxygen determination using SEM-EDS. Final quantitative 
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2.3. Experimental Results  
2.3.1. Attainment of Equilibrium 
 Firstly, to determine the necessary time to achieve equilibrium at 1550°C, a series 
of experiments was conducted for the Fe-1.0Mn-0.10Si-0.05O (initial mass %) alloy with 
varying reaction periods. The manganese, silicon and oxygen contents of the resulting 
alloys were measured as shown in Fig. 2.4. No significant changes in the composition of the 
metal phase was found when the sample was held for 2, 3 and 4 hrs, with almost constant 
values obtained. Hence, the equilibrium reaction time for the Fe-Mn-Si-O system at 1550°C 
was determined to be sufficient at 2 hrs.  
 
 
Figure 2.4. [Mn], [Si] and [O] contents of Fe-1.0Mn-0.10Si-0.05O (initial mass %) alloy at 
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2.3.2. Timing of Inclusion Formation  
In order to distinguish the inclusions according to their timing of formation, Si-Mn 
deoxidized samples were heated and quenched from different stages of the designed 
heating pattern – after equilibrium heating for 2 hours at 1550°C, just above the liquidus 
temperature (1535°C), and after holding at the solid-liquid coexistence temperature. As 
shown in Fig. 2.5, simple spherical inclusions mainly composed of MnO-SiO2 formed at 
1550°C and just above the solid-liquid coexistence temperature. Since this phase began to 




Figure 2.5. Typical inclusion formation in Si-Mn deoxidized steels after equilibrium holding 
at 1550°C, just above the liquidus temperature and after isothermal heating at the solid-
liquid coexistence temperature. 
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Contrary to this, two types of inclusions were found to form after isothermal 
heating at the solid-liquid coexistence temperature for 1 hour – complex spherical 
inclusions a darker-colored precipitate, which was found to be mainly composed of SiO2, 
and irregularly-shaped independent SiO2 inclusions. As the SEM images indicate, this 
darker-colored phase exists inside the primary inclusion phase and seem to have come 
externally from the molten metal. Since this phase was not observed at 1550°C and 




Figure 2.6. Inclusion size of inclusions with and without the darker-colored SiO2-rich 
secondary inclusion. 
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The average size of the complex inclusions that formed at the solid-liquid 
coexistence temperature (3.26 μm) was found to be slightly larger compared to the simple 
MnO-SiO2 inclusions that formed at 1550°C (3.02 μm), as shown in Fig. 2.6. This increase in 
size can be attributed to the agglomeration of the primary MnO-SiO2 inclusion and the 
secondary phase that increased the total effective volume of the inclusions. 
Compared with the primary inclusion phase, higher SiO2 content was observed in 
the darker-colored secondary inclusion phase. Here, it should be emphasized that 
independent SiO2 inclusions were not included in the measurement of inclusion 
composition. In general, MnO-SiO2 inclusions are desirable because of its almost 
homogeneous distribution in steel and its inability to form clusters. In addition, it has a very 
high deformability at temperatures above 1000°C and very low thermal expansion, which 
minimizes anisotropy, deformation and stress concentration in the alloy.17) 
The dissolved oxygen content in samples held at the solid-liquid coexistence 
temperature (37.83 ppm O) was lowered by almost half compared to the sample that was 
heated at quenched from 1550°C only (73.80 ppm O). From this, it can be further deduced 
that this darker-colored phase did not form as primary deoxidation inclusions. A long 
holding time at the solid-liquid coexistence temperature promoted increased deoxidation 
by the precipitation of the secondary inclusion phase.  
 
2.3.3. Inclusion Formation at the Solid-liquid Coexistence Temperature 
 The rest of the discussion in this chapter will only focus on the spherical MnO-SiO2 
inclusions that were observed in Si-Mn deoxidized steel samples heated using the designed 
heating pattern at the solid-liquid coexistence temperature. Fig. 2.7 summarizes the 
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abundance ratio of these observed MnO-SiO2 inclusion phases in each sample. The 
inclusion can be largely classified according to simple inclusions composed of MnO-SiO2 
only and complex inclusions composed of MnO-SiO2 and SiO2 precipitate. 
 
 
Figure 2.7. Abundance ratio of observed MnO-SiO2 inclusions at the solid-liquid 
coexistence temperature. 
 
 The formation of the darker-colored secondary SiO2-rich phase was observed in all 
alloys, except for MS-1, which had the lowest silicon content (0.056 mass %). For the other 
samples, two kinds of inclusions were observed – simple MnO-SiO2 inclusions and complex 
Chapter 2 | Complex Inclusion Formation in Fe-Mn-Si-O Alloy System 
 
46 
MnO-SiO2 inclusions with SiO2. Based on the previous discussion, the simple MnO-SiO2 
inclusions can be considered as primary inclusions. Hence, these same MnO-SiO2 inclusions 
observed at the solid-liquid coexistence temperature can be assumed to exist in the solid 
phase. Meanwhile, the complex MnO-SiO2 inclusions with the darker-colored SiO2 
precipitate can be assumed to exist in the liquid phase. 
Preferential precipitation of SiO2 at the solid-liquid coexistence temperature can be 
explained thermodynamically by comparing the changes in the activities of MnO and SiO2 
with temperature. The changes in MnO and SiO2 activities from 1550°C to the solid-liquid 
coexistence temperature, which is approximately at 1530°C, can be estimated using the 
following equations:18) 
 







− 5.62     (2.4) 
∆@° = −244,300 + 107.6G	(I)      (2.5) 
JKLM(NO) ≈ Q. QR × JKLM(QTTU℃)     (2.6) 
 








− 11.40      (2.8) 
∆@° = −576,440 + 218.2G	(I)      (2.9) 
JO`Ma
(NO) ≈ Q. Ta × JO`Ma
(QTTU℃)    (2.10) 
 
Chapter 2 | Complex Inclusion Formation in Fe-Mn-Si-O Alloy System 
 
47 
 From these, it can be observed that the increase in SiO2 activity is much larger than 
the increase in MnO activity. This suggests that the decrease in temperature from 1550°C 
to the solid-liquid coexistence temperature influences SiO2 formation more greatly 
compared to MnO. Hence, rather than MnO-SiO2, only SiO2 preferentially precipitates at 
the solid-liquid coexistence temperature. 
 
2.3.4. Influence of Varying Mn and Si Additions 
 At the solid-liquid coexistence temperature, the precipitation of a darker-colored 
SiO2-rich secondary phase was observed in almost all samples. Inclusion compositions of 
the prepared samples are listed in Table 2.3. It was found that the composition of the 
inclusions changed accordingly with manganese and silicon contents in the alloy. 
 
Table 2.3. Inclusion composition at the solid-liquid coexistence temperature. 
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The precipitation of the secondary SiO2-rich phase was also observed in all alloys, 
except for MS-1, which had the lowest silicon content at 0.056 mass %. Since the secondary 
inclusion phase failed to precipitate at a very low silicon to manganese mass ratio, the 
precipitation of SiO2 by holding at the solid-liquid coexistence temperature therefore 
occurs only above a certain silicon to manganese ratio. In order to allow for the 
precipitation of SiO2 at the solid-liquid coexistence temperature, a minimum silicon to 





















2.4.1. MnO and SiO2 Activity Calculations 
 The total oxygen concentration in steel was found to decrease with the addition of 
silicon and manganese, as described in Fig. 2.8. The experimental data therefore confirms 
the efficiency of utilizing complex Si-Mn deoxidation, which is extremely beneficial in terms 
of minimizing the oxygen content in steel to prevent cracks and blowholes and achieve 
cleaner steel. 
As a Si-Mn deoxidized alloy, activities of MnO and SiO2 at 1550°C was theoretically 
calculated based on the method used by E. T. Turkdogan employing the thermodynamic 
parameters enlisted by Hino et al.3,19) The following equilibrium relation is obtained for Si-
Mn deoxidation reaction: 
 
[WX] + 2("#&) = 2["#] + (WX&4)     (2.11) 
 








      (2.12) 
where logb = 	−
3e38
9
+ 1.27     (2.13) 
 
From Eq. (2.2), we can express the equilibrium constant in logarithmic form as, 
 





	    (2.14) 




where the activities of manganese and silicon can be expressed as the product of the 
activity coefficients, kgh  and kij , and concentrations, [lfmm	%	"#]  and [lfmm	%	WX] , 
respectively. Using Wagner’s formalism at infinite dilution, deviation from Henry’s Law can 
be accounted for by the introduction of the interaction parameter (o) while considering 
the effects of silicon, manganese and oxygen as follows: 20) 
 








[%"#]   (2.15) 
log kgh = 	 ogh
gh[%"#] +	ogh
p [%&] +	ogh
ij [%WX]   (2.16) 
 
where the interaction parameters at 1600°C are found as in Table 2.4. 
With a relatively small temperature difference, these interaction parameter values 
at 1600°C can also be applied to the temperature used in this study. Activities of MnO and 
SiO2 were estimated from the measured metal phase composition by extrapolating the 
values from the results of Abraham et al. 21) Estimated values are plotted against MnO mole 
fraction values as in Fig. 2.9. Compared to previous data, shifted MnO and SiO2 activity 
values were obtained.21-25) Nonetheless, estimated MnO and SiO2 activity values are 












Figure 2.8. Total residual oxygen content in the alloy (a) as a function of silicon 
concentration at constant manganese contents and (b) as a function of manganese 
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2.4.2. Proposed Inclusion Formation Mechanism 
 The evolution of a complex-type inclusion after heating at the solid-liquid 
coexistence temperature can be explained from the perspective of microsegregation. The 
detailed mechanism of inclusion formation at the solid-liquid coexistence temperature can 
be divided into three steps: 1) the formation of primary inclusions 2) the nucleation of 
secondary inclusions and 3) the growth and coalescence of inclusions. These three steps 
are summarized schematically below in Fig. 2.10. 
 
 
Figure 2.10. Proposed complex inclusion formation mechanism. 
 
Step 1: Formation of Primary Inclusions at 1550°C 
Initially, at 1550°C when the steel is in a completely molten state, primary MnO-
SiO2 inclusions formed as a consequence of the deoxidation process. This was confirmed 
by plotting the measured composition values on the MnO-SiO2 binary phase diagram as 
illustrated in Fig. 2.11. In this step, primary inclusions grow predominantly by collision and 
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agglomeration. In the case of liquid inclusions, this is expected to result in spherical 
inclusions, as manifested by the spherical morphology of the observed inclusions shown 
earlier in Fig. 2.4.27)  
On the other hand, beside the spherical MnO-SiO2 inclusions, independent SiO2 
inclusions were also observed in the prepared Si-Mn deoxidized alloys. These inclusions 
were shaped irregularly and distributed homogeneously throughout the metal phase. 
 
 
Figure 2.11. Primary and secondary inclusion phase composition plotted on the optimized 
MnO-SiO2 phase diagram.28) 
 
Step 2: Nucleation of Secondary Inclusions 
As the molten alloy was held isothermally at the solid-liquid coexistence 
temperature, the nucleation of SiO2-rich secondary inclusions can be explained from the 
perspective of microsegregation. The microsegregation phenomenon results from the 
uneven distribution of solutes in the solid and molten steel. During solidification, the 
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composition of the liquid phase changes according to the liquidus curve and the 
composition of the solid phase changes according to the solidus curve. Due to the uneven 
partition of the solute elements in the solid and liquid alloy, enriched solute concentrations 
in the liquid phase lead to the nucleation SiO2.1)  
The fundamental cause of this is the difference between the thermodynamic 
equilibrium solubility of the alloying elements in the different phases that coexist during 
solidification. Another factor is the inability of solid-state diffusion to bring the composition 
to equilibrium levels after solidification is complete, due to the short cooling times and 
small diffusion coefficients involved.29) Moreover, the solubility of oxygen in liquid steel 
also decreases with temperature. Hence, oxygen is expected to move from the molten steel 
to form additional oxides. In this case, the steel matrix became saturated with silicon and 
it began to precipitate out from the steel by reacting with the excess oxygen. Secondary 
inclusions that precipitated out of the molten steel were manifested by the darker 
secondary SiO2-rich inclusion.  
 
Step 3: Growth and Coalescence of Inclusions 
Finally, while holding the alloy isothermally at the solid-liquid coexistence 
temperature, existing inclusions began to grow and coalesce due to natural convection in 
the molten alloy. Inclusions remained in a constant state of motion causing collision and 
aggregation of the primary and secondary inclusions to form larger complex inclusions.30) 
Some inclusions remain in single state while some become attached to another inclusion 
and end up as a complex inclusion. As was observed experimentally, the complex inclusion 
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 Based on this mechanism, the inclusions that form in Si-Mn deoxidized steel held 
isothermally at the solid-liquid coexistence temperature may be summarized into three 
types: a) primary MnO-SiO2 inclusions that formed at the liquid state b) secondary SiO2 
inclusions that precipitated at the solid-liquid coexistence temperature and c) complex 
inclusions with both primary MnO-SiO2 inclusions and secondary SiO2 inclusions formed by 
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2.5. Thermodynamic Consideration 
2.5.1. Quaternary Fe-Mn-Si-O Phase Diagram 
At near-equilibrium conditions, inclusion behavior can be roughly described from a 
thermodynamic point of view using the quaternary Fe-Mn-Si-O phase equilibrium diagram 
as shown in Fig. 2.12. The relationship between the metal phase at constant oxygen 
concentration indicated by the orange-shaded plane, and the oxide phase mainly 
composed of MnO-SiO2 as denoted by the blue-shaded plane, can be represented by the 
red-shaded plane.  
 
 
Figure 2.12. Projected Fe-Mn-Si-O quaternary phase equilibrium. 
 
The red plane, which represents the equilibrium between the metal phase and the 
oxide inclusion phase, can then be schematically represented as Fig. 2.13. At 1550°C, the 
equilibrium is assumed to exist in the green-shaded two-phase region as indicated in Fig. 
2.13(a), wherein the molten steel in equilibrium with MnO-SiO2 only. As the temperature 
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is lowered to the solid-liquid coexistence temperature, the entire system is expected to 
shift to a reduced liquid region and the equilibrium will exist in the green-shaded three-
phase region as denoted in Fig. 2.13(b), where the molten steel is in equilibrium with both 
SiO2 and MnO-SiO2. 
 
 
Figure 2.13. Schematic representation of the equilibrium between metal phase and the 
oxide inclusion phase at  (a) 1550°C and (b) the solid-liquid coexistence temperature. 
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2.5.2. Microsegregation Modelling 
 Based on the observed experimental conditions, microsegregation modelling of a 
Fe-1.0Mn-0.10Si-0.05O (initial mass %) alloy system was done using the analytical models 
discussed in Chapter 1 and the following parameters shown in Table 2.5.   
 
Table 2.5. Equilibrium partition coefficient and diffusion coefficient parameters.31)  
 
 
 In order to calculate the secondary dendrite arm spacing, the local solidification 
time was first estimated using the following equation: 
 
 qr = 	
9s[tu9vws
xy
= 0.83	moz     (2.17) 
 
where G{j| and Gr}{  are the liquidus and solidus temperatures, respectively, and ~  is the 
cooling rate. From this, we can calculate the secondary dendrite arm spacing using the 
following estimation previously derived by You, et al.:1) 
 
Ä = 27.3 × qr
3 ^⁄
= 25.68	Çl     (2.18) 
 
 




Fig. 2.14 summarizes the predicted manganese, silicon and oxygen concentrations 
in the liquid phase using the Lever Rule, Scheil, Brody-Flemings and Clyne-Kurz models. 
Positive segregation of manganese, silicon and oxygen were observed and concentrations 
at 0.5 solid fraction was found to increase by 1.17, 1.2, and 2.0 times, respectively. 
Oxygen, in particular, was found to be largely segregated at the solid-liquid 
coexistence temperature as a result of its very low solubility in the solid phase. Under the 
prevailing experimental conditions used in this study, however, it is reasonable to assume 
that after holding the alloy for 1 hour at 0.5 solid fraction, near-equilibrium conditions were 
achieved. Therefore, the Lever Rule is a more appropriate estimation. 
The values obtained using the Scheil, Brody-Flemings and Clyne-Kurz models 
represent the initial spike in solute concentration at the solid-liquid interface during 
continuous solidification process. Scheil model, in particular, does not account for any 
diffusion in the solid phase. Whereas, the Brody-Flemings model only assumes a small 
degree of diffusion in the solid phase and is only appropriate for solutes with low diffusivity 
in the solid, such as manganese and silicon. In the case of oxygen, however, wherein solute 
diffusion in the solid phase cannot be neglected, the Brody-Flemings model overestimates 
microsegregation in the liquid phase. This limitation is then corrected in the Clyne-Kurz 
model. 






Figure 2.14. [Mn], [Si] and [O] concentrations in the liquid phase using the conventional microsegregation models at the solid-liquid 
coexistence temperature.




 This study was an investigation of the formation of complex inclusions with a 
secondary SiO2-rich phase at the solid-liquid coexistence temperature. Holding at the solid-
liquid coexistence temperature was found to promote the formation of a complex inclusion 
composed of a MnO-SiO2 primary phase and a darker-colored SiO2-rich phase embedded 
on the primary inclusion.  
 In addition, below a critical silicon to manganese mass ratio in the metal phase, the 
secondary inclusion phase failed to form. Considering these results, the development of a 
complex inclusion with a SiO2-rich secondary phase was attributed to microsegregation in 
the alloy as the solute elements became saturated in molten steel while holding at the 
solid-liquid coexistence temperature as confirmed by the results from analytical 
microsegregation models. The formation of complex inclusions by the coalescence of 
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MnS Precipitation on Primary MnO-SiO2 Inclusion in Steel 
 
3.1. Background 
Sulfur, although usually regarded as a harmful impurity, is always present in steel in 
small quantities. Most of the sulfur in steel comes from the iron ore or coke used during 
the ironmaking process that was not completely eliminated during the desulfurization    
process. Next to oxide inclusions, sulfide inclusions are the second most common inclusions 
that remain in the final steel product.  
Sulfur is known to have a very low solubility in the solid phase; hence it can be 
largely segregated during solidification.1,2) The presence of sulfur, therefore, increases the 
solidification range of the alloy, as it can be observed from the Fe-S binary phase diagram 
shown in Fig 1.12(b). One of the prominent characteristics of the Fe-S binary alloy system 
is that it has a considerably wide two-phase region composed of δ-Fe and L above 1365°C 
and γ-Fe and L above 968°C.3) During cooling at this region, a segregation profile is expected 
to develop within the microstructure of the alloy as the liquid phase becomes richer in 
sulfur. Sulfide inclusions, such as MnS, forms in virtually every type of steel. One advantage 
of sulfide inclusions, especially when it exists together with an oxide inclusion, is its 
efficiency in promoting the formation of an acicular ferrite microstructure. 
Intragranular acicular ferrites, as the name indicates, nucleates intragranularly on 
non-metallic inclusions as fine interlocking needle-like plates as shown in Fig. 3.1. This leads 
to the typical fine-grained and interlocking structure of acicular ferrite, which makes it 
more difficult for the propagation of cleavage cracks in the alloy. Hence, an increase in 




strength and toughness can be expected with an increase in the amount of acicular ferrite 
in steel. 4-10) 
 
 
Figure 3.1. Typical micrograph of acicular ferrite plates around an inclusion. 
 
 
Figure 3.2. Intragranular acicular ferrite formation on an oxide inclusion with MnS 
precipitate.4) 
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Several mechanisms to promote nucleation of acicular ferrite have already been 
suggested. These include a reduction of the interfacial energy for heterogeneous 
nucleation,11-14) minimization of lattice mismatch to enhance ferrite nucleation,15) 
introduction of thermal strains associated with the difference in thermal expansion 
coefficients,16,17) and nucleation arising from localized depletion of solute elements near 
the inclusion.18-22)  
Amongst all of these, it is universally recognized that complex inclusions, especially 
oxide inclusions precipitated with MnS, are the most efficient in promoting the nucleation 
of an acicular ferrite microstructure in steels.23) This can be explained by the simultaneous 
action of a low mismatch strain between the oxide inclusion and ferrite, positive thermal 
stress in the matrix surrounding the inclusion due to a high difference in thermal expansion 
coefficients and formation of an Mn-depleted zone in the adjacent matrix due to MnS 
precipitation as illustrated in Fig. 3.2.4)  
The exact mechanism and the timing of MnS precipitation on an oxide seed, 
however, remains unknown. A study by Kim et al. investigated the precipitation behavior 
of secondary MnS inclusion on primary oxide inclusions under different cooling conditions 
in Si-Mn and Si-Mn-Ti deoxidized steels.24,25) It was found that MnS precipitation was well 
manifested in furnace-cooled samples, in contrast to the water-quenched samples, due to 
longer solidification times and slower cooling rates. In addition, MnS was found to 
precipitate in an embedded state on a primary MnO-SiO2 seed.  
In this chapter, we have extended our focus to include both oxide and sulfide 
inclusions in steels, specifically in the Fe-Mn-Si-O-S alloy system. In the previous chapter, 
we found out that due to the enrichment of solute elements in the liquid phase, 




precipitation of a secondary SiO2-rich phase leads to the evolution of a complex type 
inclusion in Si-Mn deoxidized steel at the solid-liquid coexistence temperature. From here, 
we will try to further investigate the changes in morphology and composition of inclusions, 
particularly secondary MnS inclusions, in Si-Mn deoxidized steel in the Fe-Mn-Si-O-S alloy 
system. Specifically, it aims to determine the influence of sulfur concentration on inclusion 
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3.2. Experimental Method 
 To investigate the morphology and composition of oxide and sulfide inclusions in 
Si-Mn deoxidized steel during solidification, samples with varying sulfur addition at 
constant silicon and manganese contents were prepared in a vertical resistance furnace by 
holding at the solid-liquid coexistence temperature using a direct method of forming 
inclusions.  
 
3.2.1. Preparation of the Alloy 
 About 25 g of electrolytic Fe with reagent grade metallic manganese flakes, silicon 
lumps, Fe2O3 and FeS powders were weighed and then placed inside an alumina crucible 
at the following initial compositions [Fe-1.1Mn-0.10Si-0.05O-S (initial mass %); 0.005%, 
0.007%, 0.009%, 0.011%, 0.022%, 0.025%, 0.028% and 0.031% S].  
Silicon and manganese concentrations were chosen from the results in Chapter 2 
for having one of the highest complex inclusion formation ratios at the solid-liquid 
coexistence temperature. The prepared samples were then placed in an outer MgO 
crucible holder and then positioned in the constant temperature region of the vertical 
resistance furnace as illustrated in Fig. 2.1.  
Subsequently, the samples were heated using the designed heating pattern under 
Ar gas atmosphere, flowing at 400 cm3 min-1 after passing through a gas drying unit. The 
actual temperature of the sample was monitored using a Pt-Rh thermocouple positioned 
just below the stage inside the furnace. After heating, the resulting alloys were quickly 
taken out of the furnace and quenched using Ar gas. 
 




3.2.2. Determination of the Solid-Liquid Coexistence Temperature 
 The heating pattern, as illustrated in Fig. 1.13, was designed in particular to allow 
for the formation of secondary inclusions as solute enrichment occurs at the solid-liquid 
coexistence temperature.  
The solid-liquid coexistence temperature ("#), at different sulfur additions, wherein 
about 50% of the solidified alloy and 50% of the liquid alloy coexist, was estimated using 
the single point equilibrium module of Thermo-Calc Software. For example, stable phases 
and inclusions that form in Fe-1.1Mn-0.10Si-0.05O-0.007S (initial mass %) alloy system and 
their relative weights under equilibrium conditions are shown in Fig. 3.3. It was found that 
for this alloy system, solidification starts at about 1531°C and ends at about 1526°C. For 
the heating experiments, the solid-liquid coexistence temperature was determined to be 
about 1527.0°C.  
The values obtained using Thermo-Calc were also verified using the following 
equations derived by Miettinen et al.26) and Gryc et al.27) for the liquidus and solidus 
temperatures of the alloy, respectively: 
 
"%&'(°C) = 1538 − 11.66[%45] − 5.62[%89] − 32.81[%4]  (3.1) 










Figure 3.3. Calculated Fe-1.1Mn-0.10Si-0.05O-0.007S (initial mass %) single point equilibrium using Thermo-Calc. (Olivine: Mn2SiO4, 
Rhodonite: MnSiO3) 




Calculated liquidus, solidus, and solid-liquid coexistence temperature values for all 
sulfur additions are shown in Fig. 3.4. It can be seen that the calculated solid-liquid 
coexistence temperature values lie well within the liquidus and solidus boundaries. In 
addition, the gap between the liquidus and solidus temperatures was found to increase 
with increasing sulfur addition.  
 
 
Figure 3.4. Estimated solid-liquid coexistence temperature values. 
 
3.2.3. Characterization of Metal and Inclusion Phases 
 Employing the same characterization methods as in Chapter 2, the resulting metal 
phase composition was determined using ICP-AES technique (Shimadzu ICPS-8100) while 
the total oxygen contents was determined using an inert gas fusion technique (LECO-
ONH836). Total sulfur contents of the alloys, on the other hand, were measured using a 
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combustion infrared detection technique (LECO-CS844 Element Analyzer). For the analysis, 
0.5 to 1.0-gram alloy samples were used. 
Morphology and composition of inclusions were determined using SEM-EDS (JEOL 
JSM-6510, Oxford INCA Energy 250XT) coupled with an image analysis technique to ensure 
reasonable measurements.24) The composition of the inclusions was measured through 
EDS by analyzing a minimum of 30 inclusions in each sample with an acceleration voltage 
(AV) of 20 kV, a working distance (WD) of 15 mm and a spot size (SS) of 60 nm. Iron and 
oxygen were excluded from the quantitative results to eliminate the influence of a pre-
dominantly ferrous matrix and to avoid the inaccuracies associated with oxygen 


















3.3. Experimental Results  
3.3.1. Attainment of Equilibrium at 1550°C 
 Before the heating experiments at the solid-liquid coexistence temperature, it is 
crucial to determine the necessary holding time to achieve equilibrium at 1550°C first. To 
achieve this, three alloy samples of the Fe-1.1Mn-0.10Si-0.05O-0.007S (initial mass %) 
system were prepared under different reaction periods. The manganese, silicon, oxygen 
and sulfur contents of the resulting alloys were measured as shown below in Fig. 3.5.  
 
 
Figure 3.5. [Mn], [Si], [O] and [S] contents of 1.1Mn-0.10Si-0.05O-0.007S (initial mass %) 
alloy at 1550°C under different holding times. 
 
No significant changes in the composition were observed at 2, 3 and 4 hrs of heating 
time. Silicon and manganese composition values were almost constant. Dissolved oxygen 
(91.60, 97.57 and 90.43 ppm) and sulfur (112.05, 111.38 and 114.90 ppm) contents were 
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also found to be unchanging under different heating periods. Hence, the necessary time to 
reach equilibrium for the Fe-Mn-Si-O-S system at 1550°C was determined to be adequate 
at 2 hrs.  
 
3.3.2. Metal Phase Composition at the Solid-liquid Coexistence Temperature 
Fundamental alloy composition used in this chapter was selected for having one of 
the highest complex inclusion formation ratios at the solid-liquid coexistence temperature. 
From this, sulfur addition was varied to investigate the behavior of secondary MnS inclusion 
formation in Fe-Mn-Si-O-S alloy system as a function of sulfur content during solidification. 
The composition of the resulting alloy phase after heating at the solid-liquid coexistence 
temperature are listed in Table 3.1. Manganese, silicon, and oxygen contents were kept 
relatively constant for all samples. Meanwhile, sulfur content increased from about 82.68 
ppm to 240.60 ppm. 
 
Table 3.1. Metal phase composition of the prepared alloy samples. 
 




3.3.3. Timing of Inclusion Formation 
In order to distinguish between the primary and secondary inclusions according to 
the timing of their formation, 0.007S sample was heated and quenched from different 
stages of the designed heating pattern. The first one was quenched after heating for two 




Figure 3.6. Typical inclusion morphology and composition of 0.007S sample at 1550°C and 
from just above the liquidus temperature (1532°C). 
 
As shown in Fig. 3.6, the inclusions at 1550°C and 1532°C, which is just right before 
solidification begins, are predominantly characterized by simple MnO-SiO2 inclusions with 
some dissolved amount of sulfur. The MnO-SiO2 inclusions, are hence classified as primary 
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inclusions that formed as a direct outcome of the deoxidation process. Further, no darker-
colored SiO2-rich phase was observed at these temperature conditions. Since it did not 
appear before solidification, the SiO2-rich phase that was observed at the solid-liquid 
coexistence temperature are therefore classified as secondary inclusions generated during 
the solidification process.  
 
3.3.4. Inclusion Morphology and Composition 
As mentioned in the earlier section, spherical primary inclusions composed mainly 
of MnO-SiO2 with some dissolved sulfur was observed in Si-Mn deoxidized steel samples at 
1550°C and just above the solid-liquid coexistence temperature. The abundance ratio of 
the observed MnO-SiO2 inclusions at the solid-liquid coexistence temperature, on the other 
hand, are summarized in Fig. 3.7. The observed inclusions can be categorized into four 
types according to composition – simple MnO-SiO2 inclusions and complex MnO-SiO2 with 
a darker-colored SiO2 precipitate, a lighter-colored MnS precipitate, or both.  
On the basis of the previous discussion, the simple MnO-SiO2 inclusions can be 
assumed to exist in the solid phase that were entrapped during the initial solidification of 
the alloy. Whereas, the complex MnO-SiO2 inclusions with SiO2, MnS or both precipitates, 
can be assumed to exist in the liquid phase. The rest of the discussion in this chapter will 










Figure 3.7. Abundance ratio of spherical MnO-SiO2 inclusions in Si-Mn deoxidized steel 
samples with sulfur at the solid-liquid coexistence temperature. 
 
Representative morphology of inclusions that formed in samples with less than 
0.011 mass % sulfur at the solid-liquid coexistence temperature is shown in Fig. 3.8. At low 
sulfur additions, complex inclusions with a darker SiO2-rich inclusion phase embedded in a 
primary MnO-SiO2 phase were observed in all samples. The MnO and SiO2 concentration 
of the primary and secondary inclusion phases, classified as such according to the timing of 
their formation, were found to remain almost constant with increasing sulfur addition. 
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Furthermore, approximately 1.4 to 1.8 mass % of sulfur was found dissolved in the primary 
inclusion phase.  
 
 
Figure 3.8. Typical inclusion morphology and composition in low sulfur samples at the 
solid-liquid coexistence temperature. 
 
On the other hand, in alloy samples with higher than 0.022 mass % sulfur addition, 
precipitation of a lighter-colored phase along the boundary of the primary MnO-SiO2 
inclusion and the steel matrix was observed as shown in Fig. 3.9. Growing with increasing 
sulfur addition, the lighter-colored precipitate completely wrapped the primary MnO-SiO2 
inclusion at about 0.031 mass % sulfur addition.  
 
 





Figure 3.9. Typical inclusion morphology and composition in high sulfur samples at the 
solid-liquid coexistence temperature. 
 
 
Figure 3.10. Elemental mapping and line scan results of a typical inclusion in 0.031S 
sample using SEM-EDS. 
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Elemental mapping and line scan results showed this lighter-colored precipitate 
phase to be comprised largely of MnS. As illustrated in Fig. 3.10, the inclusion is composed 
primarily of manganese, silicon, and sulfur whereas, along the boundary of the inclusion, 
sulfur was found to have higher concentrations, suggesting MnS formation.  
Unlike previous findings by Kim et al. citing that secondary MnS precipitate forms 
in an embedded state on an MnO-SiO2 based primary inclusion, the inclusion in the current 
system was found to not only form in an embedded state but also as a shell wrapped 
around the primary MnO-SiO2 inclusion.24) This difference in morphology is attributed to 
the prolonged holding time at the solid-liquid coexistence temperature in contrast to the 
continuous cooling conditions employed. Compared to low sulfur alloy samples, a higher 
sulfur content of approximately 6.4 to 8.9 mass % was found dissolved in the primary 
inclusion phase.  
In addition to the above-mentioned changes in inclusion morphology and 
composition at the solid-liquid coexistence temperature, it was also observed that the 
secondary SiO2-rich precipitate began to disappear from the primary inclusion phase in the 
majority of the inclusions with increasing sulfur addition.  
In 0.022S and 0.025S samples, a significant number of inclusions have both the 
secondary SiO2-rich inclusion and the secondary MnS precipitate on a primary MnO-SiO2 
inclusion, as shown previously in Fig. 3.7. In 0.028S and 0.031S samples, however, the 
darker SiO2-rich inclusion phase was already absent from almost all of the inclusions 
observed.  
From the discussion in Chapter 2, the secondary SiO2-rich inclusion formed as a 
result of solute microsegregation and enrichment at the liquid phase at the solid-liquid 




coexistence temperature. Eventually, with the help of natural convection in the alloy, the 
existing primary MnO-SiO2 inclusion and the secondary SiO2-rich inclusion coalesced to 
form a complex type of inclusion.  
In the current Fe-Mn-Si-O-S alloy system, precipitation of MnS along the interface 
of the primary MnO-SiO2 inclusion and the molten alloy was assumed to inhibit the 
coalescence and agglomeration of existing inclusions. Hence, SiO2 precipitates remained in 





















3.4.1. Proposed Inclusion Formation Mechanism 
 Complex inclusion behavior at the solid-liquid coexistence temperature can be 
explained from the perspective of microsegregation as described in Figs. 3.11 and 3.12 for 
low and high sulfur samples, respectively.  
 
 
Figure 3.11. Proposed complex inclusion formation mechanism in low sulfur samples. 
 
We have found that the inclusion formation mechanism proposed in Chapter 2 for 
Si-Mn deoxidized steels in the absence of sulfur is also valid in low sulfur samples. Initially, 
primary MnO-SiO2 inclusions formed as a consequence of the deoxidation process. And 
then, secondary SiO2 inclusions began to precipitate as the temperature was decreased to 
the solid-liquid coexistence temperature. Finally, existing inclusions began to grow and 
agglomerate due to the natural convection in the molten alloy. Sulfur concentration in the 
alloy was probably low enough that MnS did not precipitate out of the alloy. Homogeneous 




precipitation of SiO2 was verified by the presence of independent SiO2 inclusions in the 
alloy. 
 Whereas in samples with higher sulfur concentrations, the mechanism illustrated in 
Fig. 3.12 is proposed. At the solid-liquid coexistence temperature, secondary MnS began 
to precipitate heterogeneously on the surface of primary MnO-SiO2 inclusions as a result 
of solute segregation. However, holding at the solid-liquid coexistence temperature did not 
allow for the coalescence of homogeneously precipitated secondary SiO2 inclusions due to 
the presence of a physical MnS barrier. This was particularly true in 0.028S and 0.031S 
samples. Heterogeneous precipitation of MnS, on the other hand, was verified by the 
absence of independent MnS inclusions in the matrix. 
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3.4.2. Thermodynamic Consideration 
At near-equilibrium conditions, inclusion formation at the solid-liquid coexistence 
temperature in the Fe-Mn-Si-O-S alloy system can be described from a thermodynamic 
point of view using the ternary MnO-SiO2-MnS phase equilibrium diagram in Fig. 3.13 
showing the liquidus lines of the system at 1450°C.28) Although the actual temperature used 
in this study was slightly higher than these values, the difference can be neglected to 
roughly explain the thermodynamic behavior of the inclusions. 
 
 
Figure 3.13. Liquidus for the MnO-SiO2-MnS ternary system at 1450°C.28) 
 




In low sulfur samples, the equilibrium lies initially at Point 1, which is at SiO2 
saturation. During the isothermal holding of the samples at the solid-liquid coexistence 
temperature, a secondary SiO2-rich inclusion phase precipitated homogeneously in the 
melt due to microsegregation and later became embedded in the primary MnO-SiO2 
inclusion. Homogeneous nucleation of SiO2 was confirmed by the presence of independent 
SiO2 inclusions in the alloy. Sulfur, on the other hand, remained in a dissolved state in the 
inclusion.  
With more sulfur addition, the equilibrium shifted to Point 2, where the inclusion 
became doubly saturated with both MnS and SiO2, as demonstrated for instance in 0.022S 
and 0.025S samples. SiO2-rich inclusion remained embedded in the primary oxide phase 
while new MnS inclusion precipitated along the boundary of the inclusion and the steel 
matrix.  
Inclusions can either homogeneously nucleate in the melt or heterogeneously on 
existing impurities. In this case, precipitation of MnS on existing MnO-SiO2 inclusion can be 
regarded as heterogeneous nucleation due to the absence of independent MnS inclusions 
in the alloy matrix. During this process, the surface of an existing inclusion becomes a highly 
favorable site for the nucleation of new inclusions due to lower effective surface energy 
that weakens the free energy barrier and enables nucleation. The likelihood of 
heterogeneous nucleation to occur is higher than homogeneous nucleation due to lesser 
nucleation energy that is needed.29)  
With much higher sulfur addition such as in 0.028S and 0.031S samples, although 
the absence of a SiO2-rich phase was observed and only the secondary MnS phase existed 
in the primary MnO-SiO2 inclusion, the equilibrium was assumed to remain in Point 2 since 
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independent SiO2 inclusions were still present in the alloy. These observations indicate that 
the presence of an MnS shell prevents the secondary SiO2 precipitates to coalesce with the 
existing MnO-SiO2 inclusion at the solid-liquid coexistence temperature. Hence, almost all 
of the observed inclusions lacked the darker SiO2-rich phase. 
 
3.4.3. Inclusion Formation Control 
In this study, inclusions generated after isothermal holding at the solid-liquid 
coexistence temperature can be classified into three categories – MnO-SiO2 with an 
embedded SiO2-rich phase, MnO-SiO2 with both SiO2-rich phase and MnS, and MnO-SiO2 
with an MnS shell. As mentioned in the earlier sections, SiO2 precipitated homogeneously 
in the molten alloy as a result of solute enrichment and later became embedded in MnO-
SiO2 while MnS precipitated heterogeneously on the surface of the existing MnO-SiO2 due 
to the lowering of the interfacial surface energy.  
These changes in the morphology and composition of inclusions are highly 
correlated with the dissolved sulfur content in the steel as shown in Fig 3.14. Precipitation 
ratio was calculated as follows: 
 
!"#$%&%'('%)*	,('%) = 	././1	2345672/37	829:	;<=42;29>9=?/9>5	3/./1	2345672/37 × 100%   (3.3) 
 
wherein precipitate pertains to either of SiO2 or MnS divided by the total number of 
inclusions observed. MnS precipitation ratio was found to increase with increasing sulfur 
content.  




Data on MnS precipitation ratio in Si-Mn deoxidized steel from Kim et al. and Wakoh 
et al. also showed similar behavior, although higher precipitation ratio was obtained at 
lower sulfur contents.25,30) This can be ascribed to the difference in composition and 
heating and cooling conditions employed. For instance, [Si]/[Mn] ratios by Wakoh et al. 
ranged from about 0.007 to 0.20. Furthermore, about 0.09 to 0.011 mass % of carbon was 
used in the previous studies cited whereas carbon is absent in the current alloy system. 
MnS precipitation is more likely to occur in the presence of carbon due to increased sulfur 
activity as a result of a strong thermodynamic interaction between the two.31)  
 
 
Figure 3.14. Changes in MnS and SiO2 precipitation ratio with sulfur content. 25,30) 
 
In the same way, a previous investigation by Wakoh et al. cited that MnS 
precipitation ratio is influenced by the composition of the MnO-SiO2 seed.30) The MnS 
precipitation ratios were found to increase in occasions when the MnO-SiO2 seed had a 
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lower melting temperature, starting from about 53 mass % MnO and peaking at about 73 
mass % MnO.32) In this study, MnO ratio in the primary oxide seed ranged only from about 
50 to 55 masss %, hence the noticeable difference in the experimental MnS precipitation 
ratios.  Further, precipitation of MnS can also be rationalized from the viewpoint of 
microsegregation.  
Gui et al. also stated that sulfur content in steel has a great impact on the 
precipitation of MnS.33) At 0.005 mass % sulfur, MnS precipitates only after the alloy has 
completely solidified at about 1417°C. Whereas at higher 0.35 mass % sulfur, MnS 
precipitation starting temperature moved up to the two-phase region (δ-Fe and L) at about 
1497°C. This is greatly influenced by the redistribution of manganese and sulfur in the liquid 
and solid phases during the solidification process, as it was also confirmed experimentally 
in this study – no MnS precipitates were observed in low sulfur samples while MnS 
precipitation was well manifested in high sulfur samples. 
SiO2 precipitation ratio, on the other hand, was found to decrease with increasing 
sulfur content. Generally speaking, MnS and SiO2 precipitation behavior on a primary MnO-
SiO2 seed appeared to be inversely related to each other. These results suggest that 
controlling sulfur content in the alloy can more or less predict the type of precipitate that 
forms in Si-Mn deoxidized steel at the solid-liquid coexistence temperature such as in the 









3.5. Microsegregation Modelling and Sulfide Capacity Calculations 
Using the analytical models discussed in Chapter 1, microsegregation modelling of 
a typical Fe-1.1Mn-0.10Si-0.05O-0.022S (initial mass %) alloy system was conducted. 
Calculation parameters were defined using some of the known experimental parameters 
as described in Chapter 2. Equilibrium partition coefficient and the parameters used to 
determine the diffusion coefficient (E) are enlisted in Table 3.2.34) 
The results of the microsegregation modelling using Lever Rule, Scheil Method, 
Brody-Flemings Method and Clyne-Kurz Treatment are shown in Fig. 3.15. Positive 
segregation of manganese, silicon and sulfur were observed and concentrations at 0.5 solid 
fraction was found to increase by 1.17, 1.2 and 1.95 times, respectively. The concentration 
of sulfur, in particular, was almost doubled at 0.5 solid fraction and even increased up to 
10 times at the final stage of solidification. 
Given the heating pattern used in this study, however, it is reasonable to assume 
that after holding the alloy for 1 hour at 0.5 solid fraction, near-equilibrium conditions were 
achieved. The Lever Rule is hence a more appropriate estimation and the values obtained 
using the Scheil, Brody-Flemings and Clyne-Kurz models only represent the initial increase 
in solute concentration at the solid-liquid interface. After holding for 1 hour at the solid-
liquid coexistence temperature, the solutes are expected to be well-mixed in the liquid 
phase and diffuse through the solid phase. Final concentrations of manganese, silicon and 










Figure 3.15. [Mn], [Si] and [S] concentrations in the liquid phase using the conventional microsegregation models at the solid-liquid 
coexistence temperature




Table 3.2. Equilibrium partition coefficient and diffusion coefficient parameters.34) 
 
 
The thermodynamic stability of secondary MnS inclusions, under the assumption 
that manganese and sulfur come from the alloy phase as a result of microsegregation, can 
be described by the following chemical reaction: 
 
["#] + [&] = ("#&)     (3.4) 
 
MnS stability can be predicted by comparing the real concentration product (*+,-) and 
the solubility product (*./) using the following equations: 
 
log*./ = − 4567
8
+ 4.63 (Xia, et al.)35)   (3.5) 
*+,- = =>- × =>+,       (3.6) 
 
When *+,- > 	*./, MnS is deemed to be thermodynamically stable and hence it 
will precipitate. It should be reiterated, however, that the description MnS formation in 
thermodynamic databases is still under development. In this case, the parameters derived 
by Xia et al. were utilized. The calculated concentration products and the solubility product 
are plotted on Fig. 3.16. Results indicate that MnS can precipitate prior to complete 
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solidification of the alloy. In this study, MnS precipitation was observed at about 0.5 solid 




Figure 3.16. Real concentration product of MnS plotted with the calculated equilibrium 
solubility product. 
 
In order to eliminate the possibility of sulfur originating from the dissolved sulfur in 
the inclusion itself, evaluation of the sulfide capacities of the MnO-SiO2 system is necessary. 
Sulfide capacity, denoted by =-BC, defines the fundamental thermochemical property of 






K/J     (3.7) 
 




where NOJ  and N-J  are the partial pressures of oxygen and sulfur, and (DEFF	%	&
BC) is the 
mass concentration of S2– in the molten slag.  
 
 
Figure 3.17. Sulfide capacity in the MnO-SiO2 system.37-39) 
 
Fig. 3.17 shows the sulfide capacity in the MnO-SiO2 system based on the findings 
from previous literatures.37-39) Using this figure, we can estimate the change in the sulfide 
capacity of an MnO-SiO2 inclusion from 1650°C to 1550°C, at about 50% MnO mole fraction. 
At 1650°C and 1550°C, the logarithmic values of =-BC are about -2.5 and -2.75, respectively. 
This accounts for a change in the sulfide capacity of about 1.38 x 10-3 mass %. In the current 
system, NOJ  and N-J  can be estimated as 1.64 x 10
-12 and 2.20 x 10-9, respectively. Using 
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these values, we can calculate for the change in the dissolved sulfur content in the inclusion 
at about 0.05 mass % of the total inclusion. This value corresponds to a decrease in 
temperature of about 150°C, whereas in the heating pattern used in this study, the 
decrease in temperature is only about 20°C. This further indicates that the change in the 
dissolved sulfur content should be lower than 0.01 mass % of the total inclusion. 
Taking into account the size of the inclusion with a diameter of about 3-4 μm, the 
calculated change in sulfur content should correspond to the precipitation of an MnS layer 
that is only a few nanometers thick. It was experimentally observed, however, that the MnS 
layer was as thick as 1 μm. These considerations validate the assumption that sulfur 



















 Inclusion formation behavior in Fe-Mn-Si-O-S alloy system with varying sulfur 
addition at the solid-liquid coexistence temperature was experimentally observed and 
considered in this study as follows: 
 
a) Low sulfur samples (0.005 to 0.011 mass % S): Homogeneous precipitation of SiO2, 
which was later on embedded on a primary MnO-SiO2 inclusion. Sulfur remained 
dissolved in the inclusion (2 to 4 mass % S) and no MnS precipitation was observed. 
b) High sulfur samples (0.022 to 0.031 mass % S): Heterogeneous precipitation of an 
MnS shell around a primary MnO-SiO2 inclusion with a higher amount of dissolved 
sulfur (7 to 13 mass % S). This was coupled with the disappearance of the secondary 
SiO2-rich phase with increasing sulfur addition. 
 
MnS precipitation behavior with sulfur addition was explained from a 
thermodynamic point of view using the MnO-SiO2-MnS ternary system and the analytical 
models on microsegregation. The changes in morphology and composition were elucidated 
as a result of manganese and sulfur enrichment in the liquid phase that led to 
heterogeneous MnS precipitation on MnO-SiO2 inclusion at the solid-liquid coexistence 
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Oxide Formation in Si-Mn-Ti Deoxidized Steel 
 
4.1. Background 
Aside from silicon and manganese, titanium is also widely used as a deoxidizing 
agent due to its very strong affinity with oxygen. Fig. 4.1. shows deoxidation equilibria 
relevant to some of the most common deoxidants as a plot of deoxidant concentration and 
oxygen content in the liquid steel. Titanium deoxidation leads to much lower residual 
oxygen in steels compared to silicon or manganese deoxidation. Titanium is also used to 
control grain-size growth in steels and improve toughness and ductility.  
 
 
Figure 4.1. Deoxidation equilibria in liquid iron alloys at 1600°C.1) 
 
   Chapter 4 | Oxide Formation in Si-Mn-Ti Deoxidized Steel 
 
102
In the absence of titanium, primary MnS inclusions exist in large spherical, dendritic 
or angular morphologies. The addition of titanium is known to effect transformation of 
these sulfide inclusions by causing a significant decrease in size, improving the strength and 
corrosion resistance of steel. It was also reported by Wakoh et al. and Kim et al. that an 
Mn-Ti or Si-Mn-Ti based oxide can effectively disperse MnS inclusions, respectively.2,3) MnS 
precipitation behavior in the presence or absence of titanium depending on the cooling 
rate is described in Fig. 4.2. In general, MnS precipitation was not observed in rapidly 
cooled water-quenched samples. Whereas, MnS precipitation was well-manifested in 
slowly cooled furnace-quenched samples. In Si-Mn deoxidized steel, MnS was found to 
precipitate in an embedded state while in Si-Mn-Ti deoxidized steel, MnS precipitated as a 
shell wrapped around the primary inclusion. 
 
 
Figure 4.2. Influence of cooling rate and primary oxide seed composition on MnS 
precipitation behavior.3) 
 
In spite of its huge importance, huge uncertainties on the Ti deoxidation equilibrium 
constants and interaction parameters still exist. There is a huge scatter on the values listed 
in literatures, including the recommended values by the Japan Society for the Promotion 
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of Science.4) Furthermore, the equilibrium relationship between the stable titanium oxides 
and titanium content in the molten alloy are not established yet. Some of the results from 
recent studies are summarized in Fig. 4.3. More or less, the molten Fe-Ti alloy is in 
equilibrium with TiO2, Ti3O5 or Ti2O3 in order of increasing titanium concentration.  
The main reason for these ambiguities comes from the complexity of the Ti-O binary 
system as shown in Fig. 4.4. Stoichiometric compounds of Ti2O3, TiOx solid solution, and the 
incongruently melting Ti3O5 can exist under equilibrium conditions. 
 
 
Figure 4.3. Range of titanium oxide phases. 5-14) 





Figure 4.4. Ti-O phase diagram.15)  
 
  In this chapter, we have extended our focus to consider the effect of titanium 
addition on secondary inclusion behavior during solidification, particularly at the solid-
liquid coexistence temperature. Unexpectedly, instead of MnS precipitating on a titanium 
oxide based primary inclusion, a thin titanium oxide layer formed and floated up to the 
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4.2. Experimental Method 
 The morphology and composition of the Si-Mn-Ti deoxidation products at the solid-
liquid coexistence temperature were investigated using a direct method of forming 
inclusions as described in the following section.  
 
4.2.1. Preparation of the Alloy 
 Prior to the heating experiments in the vertical resistance furnace using the 
designed heating pattern in this study, 3Ti and 5Ti mother alloy composed of 3 mass % and 
5 mass % titanium, respectively was prepared using a high-frequency induction furnace. As 
schematically described in Fig. 4.5, about 35 grams of reagent grade titanium powder with 
electrolytic iron was heated to 1600°C under argon gas atmosphere (400 cm3 min-1). Final 
composition of the mother alloy was determined using ICP-AES technique and the 
composition is shown in Table 4.1.  
 
Table 4.1. Composition of 3Ti and 5Ti mother alloy. 
 
 




Figure 4.5. Schematic diagram of the high-frequency induction furnace used for the 
mother alloy preparation. 
 
For the heating experiments at the solid-liquid coexistence temperature, about 25 
g of electrolytic Fe with reagent grade metallic manganese flakes, silicon lumps, Fe2O3, FeS 
powders and the 3Ti or 5Ti mother alloy were weighed and then placed inside an alumina 
crucible.  
The prepared samples were then placed in an outer MgO crucible holder and then 
positioned in the constant temperature region of the vertical resistance furnace as 
illustrated in Fig. 2.1 of Chapter 2. Subsequently, the samples were heated using the 
designed heating pattern under Ar gas atmosphere, flowing at 400 cm3 min-1 after passing 
through a gas drying unit. The actual temperature of the sample was monitored using a Pt-
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Rh thermocouple positioned just below the stage inside the furnace. After heating, the 
resulting alloys were quickly taken out of the furnace and quenched using Ar gas. 
 
4.2.2. Determination of the Solid-Liquid Coexistence Temperature 
 The heating pattern, as illustrated in Fig. 1.13 of Chapter 1, was designed in 
particular to allow for the formation of secondary inclusions as solute enrichment occurs 
at the solid-liquid coexistence temperature.  
In this Chapter, due to lack of available empirical relations for the liquidus and 
solidus temperatures of Fe-Si-Mn-Ti-O-S alloy system, solid-liquid coexistence temperature 
was determined solely using Thermo-Calc Software. Representative result are shown in Fig. 
4.6 for the Fe-1.1Mn-0.10Si-0.05O-0.022S-0.1Ti alloy system. Calculated solid-liquid 
coexistence temperature values are summarize in Table 4.2. 
 
4.2.3. Characterization of Metal and Inclusion Phases 
 In the same way as Chapter 2, the resulting manganese, silicon and titanium 
composition of the metal phase was determined using ICP-AES technique (Shimadzu ICPS-
8100) while the total oxygen and sulfur contents were determined using an inert gas fusion 
technique (LECO-ONH836) and a combustion infrared detection technique (LECO-CS844), 
respectively. The final composition of the alloy phase after heating at the solid-liquid 
coexistence temperature are listed in Table 4.2. Manganese, silicon, oxygen and sulfur 
contents were kept relatively constant for all samples. 
 
 






Figure 4.6. Calculated Fe-1.1Mn-0.10Si-0.05O-0.022S-0.1Ti single point equilibrium using Thermo-Calc. (Corundum: Ti2O3, Pyrrhotite: FeS) 
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Morphology and composition the Si-Mn-Ti deoxidation products were determined 
using SEM-EDS (JEOL JSM-6510, Oxford INCA Energy 250XT) with an acceleration voltage 
(AV) of 20 kV, a working distance (WD) of 15 mm and a spot size (SS) of 60 nm. A minimum 
of 30 inclusions were observed in each sample and iron and oxygen were excluded from 
the quantitative results to eliminate the influence of a pre-dominantly ferrous matrix and 
to avoid the inaccuracies associated with oxygen determination in this analysis.  
Further, the formation of a thin layer on the top of the sample was observed in 
samples heated at the solid-liquid coexistence temperature. Elemental mapping and point 
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4.3. Experimental Results  
4.3.1. Attainment of Equilibrium at 1550°C 
 The necessary holding time to achieve equilibrium at 1550°C was determined by 
heating a Fe-1.1Mn-0.10Si-0.05O-0.022S-0.05Ti (initial mass %) alloy for 2, 3, 4 and 5 hours. 
The manganese, silicon, titanium, oxygen and sulfur contents of the resulting alloys are 
summarized in Figs. 4.7 and 4.8.  
No significant changes in the composition were observed at 2, 3, 4 and 5 hrs of 
heating time. Manganese, silicon, oxygen and sulfur concentrations were as expected. 
However, very low concentrations of titanium (3.06, 0.88, 5.13 and 1.53 ppm Ti) were 
observed, the reason for which will be discussed in the next section. From this, the 
necessary time to reach equilibrium for the Fe-Mn-Si-Ti-O-S system at 1550°C was 
determined to be adequate at 2 hrs.  
 
 
Figure 4.7. [Mn], [Si] and [Ti] contents of Fe-1.1Mn-0.10Si-0.05O-0.022S-0.05Ti (initial 
mass %) alloy at 1550°C under different holding times. 





Figure 4.8. [O] and [S] contents of Fe-1.1Mn-0.10Si-0.05O-0.022S-0.05Ti (initial mass %) 
alloy at 1550°C under different holding times. 
 
4.3.2. Inclusion Composition and Morphology at 1550°C 
Although very small amounts of titanium were found in the metal phase, the 
presence of titanium was well manifested in the inclusions as shown in the elemental 
mapping of inclusions using SEM-EDS in Fig. 4.9. The absence of titanium in the alloy matrix 
and its presence in the inclusions suggest that most of the titanium, relatively a strong 
deoxidizing agent, was utilized in the deoxidation reactions at 1550°C. Aside from this, MnS 
precipitation was also well manifested in the inclusions. It also appears that some titanium 
was dissolved in the lighter-colored MnS precipitate.  
The iInclusion morphology and composition at 1550°C confirm previous findings by 
Wakoh et al. and Kim et al. that MnS precipitates more easily on a Ti-based oxide 
inclusion.2,3) In this case, MnS is no longer considered as a secondary type of inclusion since 
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it was found to precipitate prior to solidification. The mechanism of MnS precipitation has 
been explained on the basis of phase diagram information and thermodynamics by Oikawa 
et al. as a result of the sequential nucleation of Ti-Mn oxide and MnS on the interface of 
the solidifying steel.16) According to his findings, liquid Ti-Mn oxide nucleates firstly at the 
solid-liquid interface. This is followed by the nucleation of MnS on the surface of the Ti-Mn 
oxide due to a lower interfacial energy between Ti-Mn oxide and MnS compared to that 
between Ti-Mn oxide and metal.16)  
 
 
Figure 4.9. Elemental mapping of inclusions in Si-Mn-Ti deoxidized samples at 1550°C. 
 
4.3.3. Titanium Oxide Layer Formation at the Solid-Liquid Coexistence Temperature 
 In contrast to the homogeneously distributed inclusions in Chapters 2 and 3, Si-Mn-
Ti deoxidation products in the current chapter were found to form a thin oxide layer that 
floated to the top of the sample shown in Figs. 4.10 and 4.11. This oxide layer was not 
observed in samples heated to 1550°C only.  
 




Figure 4.10. Elemental mapping of the titanium oxide layer in MST-3 sample at the solid-
liquid coexistence temperature. 
 
 
Figure 4.11. Relative MnO, SiO2 and Ti2O3 composition of the oxide layer. 
 
Elemental mapping and point analysis results indicate that this layer is composed 
largely of titanium and oxygen with some manganese. This further explains the observed 
minute concentration of titanium in the metal phase. The composition of this layer was 
found to remain relatively constant with varying titanium concentrations.  Under the 
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prevailing temperature conditions used in this study, titanium oxide is most probably in 
solid state as denoted in the Ti-O binary phase diagram in Fig. 4.4.  
 
4.3.5 Inclusion Morphology and Composition 
 Representative morphology and composition of inclusions that did not float to the 
surface of the sample and remained in the alloy are shown in Fig. 4.12. The formation of a 
complex inclusion with a darker-colored main phase and a lighter-colored precipitate was 
observed in all samples. The main inclusion phase was found to be composed largely of 
MnO, SiO2 and Ti2O3. Whereas, the lighter-colored precipitate was found to be composed 
of manganese, sulfur, and a significant amount of titanium – denoting the formation of a 
solid solution between MnS and TiS. 
 
 
Figure 4.12. Representative inclusion morphology and composition in Si-Mn-Ti deoxidized 
samples at the solid-liquid coexistence temperature. 




4.4.1. Activity Calculations 
 Total oxygen content of the Si-Mn-Ti deoxidized alloy samples at the solid-liquid 
coexistence temperature were plotted as a function of titanium concentration in the metal 
phase on Fig. 4.13. Compared to the results from previous literatures, experimental data 
agrees reasonably well although the values were found to be lower, indicating that 
titanium oxide activity is less than unity. 
 
 
Figure 4.13. Oxygen concentration in liquid iron as a function of titanium content from 
previous literature.5-14,18-21) 
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 As mentioned earlier, the kind of titanium oxide that forms in Ti-deoxidized steel 
varies with titanium concentration in the metal phase. Existing literatures, however, have 
different findings regarding the stable region of these titanium oxides. Using the recent 
data from Jung et al., Pak et al., Cha et al. and Dashevskii et al., we can see that Ti3O5 is the 
most probable oxide that formed. However, for the sake of argument, Ti2O3 and Ti3O5 
activities in the oxide layer at the solid-liquid coexistence temperature were calculated. 














+ 0.0344 ) 
derived by Cha et al., we can calculate for the activities of Ti2O3 and Ti3O5 as follows:17,18)  
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 However, the calculated activities, as summarized in Table 4.3, were found to be 
unreasonable in the prevailing conditions. It should be noted that the effect of other 
elements such as manganese, silicon and sulfur were not taken into account due to the 
unavailability of thermodynamic interaction parameter data.  
 
Table 4.3. Calculated activity values using parameter from Cha et al. (2006).18) 
 
 
4.4.2. Thermodynamic Consideration 
From the discussions in the previous section, it is therefore not sensible to neglect 
the effects of other alloying elements in the current system such as manganese, silicon and 
sulfur. Ultimately, it is essential to consider the current system in terms of: (a) the 
isothermal MnO-SiO2-Ti2O3 ternary phase diagram, as shown in Fig. 4.14 or (b) a stacked 
ternary MnO-TiOx-SiO2 and MnS-TiSx-SiS2 diagram, as illustrated in Fig. 4.15.  
 
4.4.2.1. Ternary MnO-SiO2-Ti2O3 Phase Diagram 
The measured composition of the titanium-based oxide layer that formed at the 
solid-liquid coexistence temperature is denoted by the red circles on Fig. 4.14. Considering 
only the oxide phase, a solid MnO-SiO2-Ti2O3 complex oxide with a liquid phase can form in 
Si-Mn-Ti deoxidized steels. This solid oxide ended up as the thin oxide layer that floated to 
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the top of the alloy as a result of poor wettability between the molten steel. The liquid 
phase, on the other hand, remains as finely-distributes inclusions. Experimental data 
agrees quite satisfactorily with this relationship.  
 
 
Figure 4.14. MnO-SiO2-Ti2O3 ternary phase diagram obtained by Amitani et al. (1996) at 
1500°C.22)  
 
4.4.2.2. Stacked MnO-TiOx-SiO2 and MnS-TiS-SiS2 System 
 In order to extend the current discussion to both oxide and sulfide inclusions in Si-
Mn-Ti deoxidized steels, the stacked MnO-TiOx-SiO2 and MnS-TiS-SiS2 ternary diagram can 
be used. In this section, it will be used to explain the following observations: a) the 
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improved precipitation of MnS on a Ti-based oxide seed and b) the evolution of an oxide 
layer in Si-Mn-Ti- deoxidized steel at the solid-liquid coexistence temperature. 
 
a) Improved MnS Precipitation on a Ti-based Oxide Seed at 1550°C 
As mentioned in existing literatures, the presence of titanium in a primary oxide 
seed allows for easier precipitation of MnS. This case was observed in the current chapter 
as MnS precipitated on a Ti-Mn-O based inclusion even at 1550°C. Without titanium, MnS 
only precipitated at the solid-liquid coexistence temperature. This can be explained 
schematically by the equilibrium between the primary MnO-SiO2 inclusions and the 
secondary MnS and SiO2 precipitates as shown in Fig. 4.15(a). In this case, MnS activity is 
unity.  
 With the addition of titanium at 1550°C, primary inclusion composition changes 
from MnO-SiO2 to MnO-TiOx-SiO2 and the sulfide phase changes from pure MnS to a solid 
solution of MnS and TiS as described in Fig. 4.15(b). In this case, MnS activity decreases to 
less than unity and MnS precipitates more easily on the primary oxide seed.  
A study by Mitsui et al. previously investigated the phase equilibria between MnS 
and TiS systems.23) It was found that MnS and TiS solubility is relatively small up until 1300°C 
and that an invariant reaction occurs at a higher temperature. The temperatures used in 
the current study, however, are much higher than this and the actual eutectic temperature 
may be lower, suggesting that a solution of MnS and TiS is possible. Hence, even without 
lowering the temperature, it is possible for an MnS-TiS based sulfide phase to precipitate 
on an Si-Mn-Ti oxide seed. 




Figure 4.15. Schematic diagram describing sulfide precipitation behavior in the (a) Si-Mn 
deoxidized steel with high sulfur contents at the solid-liquid coexistence temperature and 
(b) Si-Mn-Ti deoxidized steels at 1550°C. 
 
b) Oxide Layer Formation at the Solid-Liquid Coexistence Temperature 
 After quenching the samples from the solid-liquid coexistence temperature, the 
evolution of a thin solid oxide layer that floated to the top of the sample was observed. 
This change in equilibrium can be explained using Fig. 4.16, which schematically illustrates 
the shift in equilibrium in Si-Mn-Ti deoxidized steels at 1550°C and at the solid-liquid 
coexistence temperature. 
 Initially at 1550°C, equilibrium existed between the liquid phase and the MnS-TiS 
sulfide inclusion as shown in Fig. 4.16(a). Upon lowering the temperature to the solid-liquid 
coexistence temperature, the entire system shifted to a reduced liquid region and with this, 
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the equilibrium also shifted to a three-phase region composed of a solid TiOx, a liquid phase 
saturated, and an MnS-TiS phase. Finally, the solid TiOx phase was observed as a thin layer 
on top of the sample. This can be attributed to the poor wettability between the solid and 
the molten alloy, causing the solid oxides to aggregate and float up to the surface of the 
sample. The liquid phase and the sulfide phase, on the other hand, remained 
homogeneously distributed in the alloy. 
 
 
Figure 4.16. Schematic diagram illustrating the shift in equilibrium in Si-Mn-Ti deoxidized 









MnS precipitation on a Ti-based primary oxide seed at 1550°C, as similarly reported 
by previous researchers, was verified in this chapter. In addirion, heating at the solid-liquid 
coexistence temperature resulted in the formation of a titanium-based oxide layer that 
floated to the top of the sample. Determination of the activity of Ti2O3 and Ti3O5 was 
attempted using recent thermodynamic parameters, although the results were found to 
be unreliable. This can be largely attributed to the uncertainties associated with titanium 
deoxidation and the insufficiency of thermodynamic data for the influence of silicon, 
manganese and sulfur.  
From a thermodynamic point of view, the ease of MnS precipitation on a Ti-based 
oxide seed was explained by virtue of the reduction of MnS activity. Further, the formation 
of the solid oxide layer was explained as a result of the shift in equilibrium from a (L + MnS-
TiS) saturated phase to a (TiOx + L + MnS-TiS) phase. Finally, it was concluded that the Si-
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The changes in morphology and composition of Si-Mn deoxidation products at the 
solid-liquid coexistence temperature has been investigated in this study. It has been found 
that secondary inclusion behavior changes with the silicon to manganese mass ratios and 
with the sulfur and titanium concentration in the alloy. These results are summarized 
below in Table 5.1. 
 
Table 5.1. Summary of results. 
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In Chapter 2, complex oxide inclusion formation behavior in Si-Mn deoxidized steels 
was clarified as follows. In samples with silicon to manganese ratio of less than 0.20, a 
simple-type MnO-SiO2 inclusion formed as a consequence of the deoxidation process. 
Whereas, in samples with silicon to manganese ratio of greater than 0.20, a complex-type 
inclusion with a secondary SiO2 precipitate was observed. This was explained from the 
perspective of microsegregation in the alloy as the solute elements became saturated in 
molten steel and later on the coalescence of inclusions. 
In Chapter 3, secondary MnS precipitation behavior in Si-Mn deoxidized steels in 
the presence of sulfur was elucidated as follows. In alloy samples with less than 0.011 
mass % sulfur, the evolution of a complex-type inclusion with a secondary SiO2 precipitate 
was observed. On the other hand, in samples with about 0.022 mass % sulfur, the evolution 
of a complex-type inclusion with both secondary MnS and SiO2 precipitates was observed. 
Finally, in sulfur samples with greater than 0.025 mass % sulfur, the evolution of a complex-
type inclusion with a secondary MnS shell was observed. MnS precipitation was explained 
from a thermodynamic point of view using microsegregation models. Finally, the 
disappearance of SiO2 from samples with much higher sulfur additions was explained as a 
result of the presence of an MnS barrier. 
In Chapter 4, improved MnS precipitation on a Ti-based primary oxide seed was 
verified at 1550°C as a result of reduced MnS activity by the formation of an MnS-TiS solid 
solution. The Si-Mn-Ti deoxidation products at the solid-liquid coexistence temperature, 
however, generated a titanium oxide layer that floated to the top of the sample. 
Meanwhile, remaining inclusions in the alloy were found to be composed of complex 




explained from a thermodynamic point of view using a stacked MnO-TiOx-SiO2 and MnS-
TiS-SiS2 ternary diagram. 
In conclusion, this study has been able to clarify inclusion behavior, particularly 
secondary inclusion behavior, in terms of changes in morphology and composition at the 
solid-liquid coexistence temperature.  
The findings of this study may prove to be applicable to actual steelmaking practices 
that involve the production of large steel ingots that take days before solidification is 
completed. With the increasing demand for power generation, the size of components in 
power plants, such as rotor shafts, has also been increasing. As a result, production of 
ingots as large as 600-tons have started. From casting to final solidification, these large 
ingots can take up to several days to completely solidify – demonstrating cooling conditions 
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